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FOREWORD

As environmental controls become more costly to implement
and the penalties of judgment errors become more severe, en-
vironmental quality management requires more efficient manage-'
ment tools based on greater knowledge of the environmental
phenomena to be managed. As part of this Laboratory's research:
on the occurrence, movement, transformation, impact, and control
of environmental contaminants, the Assessment Branch develops
state-of-the-art mathematical models for use in water quality
evaluation and management.

Special water quality regulations have been proposed to
limit lethal acute concentrationg of toxic pollutants to a
spatially restricted toxic dilution zone. Predictive mathe-
matical models are used to establish the initial dilution of a
given discharge and the characteristics of its mixing zone. To
assist the analyst in choosing the appropriate models, determining
the limits of applicability, and establishing data needs, an ex-
pert system has been developed. The structured computer program
uses knowledge and inference procedures that would be used by
water quality experts. Operated on a personal computer, the
program appears to be a highly flexible tool for regulatory
analysis that is adaptable to the evaluation of alternatives
in engineering design.

Rosemarie C. Russo, Ph.D.
Director

Environmental Research Laboratory
Athens, Georgia
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Abstract

One of the most important tasks in the management of
water quality is the ability to achieve pollutant
concentrations within regulated standards. The Cornell
Mixing Zone Expert System (CORMIX) is a series of software
systems for the analysis, prediction, and design of aqueous
toxic or conventional pollutant discharges into
watercourses, with emphasis on the geometry and dilution
characteristics of the initial mixing zone. Subsystenm
CORMIX1, reported by Doneker and Jirka (1990), deals with
submerged single port discharges. The present development,
subsystem CORMIX2 is concerned with submerged multiport
discharges into flowing water environments, such as rivers,
lakes, estuaries, and coastal waters. It includes effects
of ambient stratification, dynamic attachment of the plume
to the bottom of the receiving water, and the limiting case
of stagnant conditions.

CORMIX2 collects the relevant data for the ambient and
discharge situation, computes the physical parameters, and
classifies the given discharge into one of many possible
hydrodynamic configurations. Then, CORMIX2 executes the
corresponding hydrodynamic simulation for the flow,
interprets the results of the simulation relative to legal
requirements including toxic discharge criteria, and
finally, suggests possible design alternatives and
improvements concerning the mixing characteristics.

CORMIX2, with its emphasis on rapid initial mixing,
assumes a conservative pollutant discharge neglecting any
physical, chemical, or biological decay processes. However,
the predictive results can be readily converted to adjust
for first-order reaction processes.

The results of the hydrodynamic simulation are in good
agreement with" available field and laboratory data. = In
particular, CORMIX2 correctly predicts highly complex
discharge situations involving boundary .interactions,
internal layer formation, buoyant intrusions, and large-
scale induced currents in shallow environments, all features
that are beyond the predictive capabilities of other
currently available initial mixing models for multiport
diffusers. . :
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Glossary of Symbols

All symbols are defined where they first occur. Only
more common symbols are summarized here.

ag = discharge cross-sectional ‘area

b = plane jet/plume half-width

by = horizontal half-width of diffuser plume
by, = vertical half-width of diffuser plume -

bj,sj,t; = width, dllutlon, and trajectory constants for flow
reglon i (Chapter 2)

B = equivalent slot width (sectionv2.2.2.2)

B;j,S;,T{ = width, dilution, and trajectofy constants'for MOD
i (Chapter 4) =

Cp = drag coefficient for density current

D = discharge diameter

£ = ambient flow Darcy-Weisbach friction factor

Fq = nozzle/port densimetric Froude number (Eq;’5.1).
Fro = slot densimetric Froude number (Eq. 5.2).I

g = gravitational acceleration

g’/o = discharge buoyant acceleration

hg = height of discharge above bottom

hijnt = height of pycnocline (lower layer depth)

H = ambient water depth

Hg = significant layer depth (H or hint)

Jo = discharge buoyancy flux

2 = average spacing between ports and nozzles
lq = discharge (geometric) length scgle_;

1y = slot jet/plume transition length scale

Xiv




1a = slot jet/crossflow length scale

1,7 = slot jet/stratification length scale

1y’ = slot plumé/stratification length scale

1, = crossflow/stratification length scale

Lq = discharge (geometric) length scale

Ly = jet/plume transition length scale

L = jet/crossflow length scale

Ly ’f‘=“p1ume/crossflow\length scale

Ly’ = jet/stratificationAlength‘scale

Ly’ = plume/sttatifiéation length scalé

vLD | = diffuser length | |

Mg = discharge momentum flux

n = number of ports or nozzles

Qo = discharge (volume flux).

R . = jet/crossflow ratio (Eq. 5.3).-

s = distance along jet/plume trajectory

S = bulk dilution in plume

S¢ = centerline dilution in jet/plume

ug = centerline velocity in jet/plume

uy = ambient velocity

Ug = discharée velocity

W = width of ambient water body

X,yY,2 = Cartesian coordinate system

x’,y’,z’ = Cartesian coordinate system relative to virtual
origin

v = supplementary coordinate (section 4.2.1.1)
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¥p = distance of discharge to nearest shore

zZ = vertical coordinate
Greek Symbols: '

o = supplementary angle (Eq. 4.2)

B = port (nozzle) horizontal orientation angle relative
to diffuser line

¥ = alignment angle of diffuser line relative to ambient

current direction

§ = supplementary angle (Eq. 4.3)

BApgy = pycnocline density jump

n = supplementary coordinate (section 4.2,1.1)

€ = ambient buoyancy gradient

Pa = ambient density

Po = discharge density

8 = vertical angle of discharge

c = horizontal angle of discharge relative to ambient
current

Subscripts:

c = centerline

£ = final value within a MOD

i = initial value within a MOD
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Chapter I
Introduction

One of the major environmental prck_ezs is the concern
for an adequate water quality in all kcdies of water, from
streams, rivers and lakes to estuaries and ccastal waters.
In order to complete this goal, all waste water discharges
in the United States are subject toc Federal and/or State
regulations. A key aspect of these regulations is the
concept of a mixing zone.

The mixing zone is a legalliy defined spatial quantity
that allows for the initial =ixing and dilution of a
discharge. Legal criteria specify the =ixing zone shape and
effluent concentrations which zust re maintained outside and
at the edge of the mixing zcre. “-x'“g zcne regulations are
a descendant of Federal water guality legislation which
started in 1948.

More recently, additional subregicns within the mixing
zone have been defined for discharges of agqueous toxic
substances. The objective of these regulations is to
require rapid mixing of toxic releases in order to limit the
exposure to toxic materials of aquecus flora and fauna.

The purpose of this report is to document the
development and implementation of an engineering tool, in
the form of a micro-computer based expert system, for the
analysis of submerged multiport diffuser discharges into
water bodies with variable and complex conditions.

Due to their great flexibility in providing a high
degree of initial mixing, submerged multiport diffusers are
increasingly being used in water quality control.
Installations range from sewage diffusers for the discharge
of treated municipal wastewater, to thermal diffusers for
heated cooling water flow from steam-electric power plants,
to industrial diffusers for process water or brine
discharges.

The goal of the expert system is to give reliable and
accurate predictions of the mixing characteristics of these
discharges along with information on any applicable legal
requirements. The development of this multiport diffuser
expert system is patterned closely after another expert
system for submerged single port discharges as reported by
Doneker and Jirka (1989).

1.1 Requlatory Background

A detailed overview of the legal background governing
aqueous pollutant discharges in the United States has been




given by Doneker and Jirka (1989). Sone of the key aspects
are summarized here. : S .

1.1.1 The Clean Water Act of 1977

In 1977 the Congress amended the Federal Water Pollution
Control Act of 1972, with those amendments being known as
the Clean Water Act (Cwa). The Act covered. general
categories of pollutants which are; i) conventional, ii)
nonconventional, iii) toxics, iv) heat, and v) dredge and
£ill spoil. S P

Conventional pollutants are defined as pollutanﬁs that
are naturally occurring, biodegradable, oxygen demanding

materials and solids. Pollutants which  are
"nonconventional" would be "those which are not toxic or
conventional" (Congressional Research Service, 1977).. A

detailed list covering the different effluent standards set
by USEPA under the 1977 amendments can be found in Doneker
and Jirka (1989). - ‘ '

A new class of effluent standards called ‘"best
conventional pollution control technology" (BCT)  were
created for conventional pollutants. Cost ' consideration
could be taken into account by USEPA in determining BCT
effluent regulations for conventional pollutants, but not
for nonconventional pollutants or toxics. On the other
hand, "best available technology economically achievable"
(BAT) effluent limitations which require a high pollutant
percentage removal and a high cost in the reduction process,
apply to nonconventional and toxic pollutants. A variance
provision for BAT standards for nonconventional pollutants
is contained in section 301 (g) of the Act. With State
approval, this provision gives authority to the ‘USEPA to
expand effluent standards for nonconventional pollutants on
the condition that it will not interfere with water quality

standards or public health (for further details, see Doneker
and Jirka 1989). o

1.1.2 The Concept of Mixing Zone

1.1.2.1 Mixing Zone: Requlations and'Develonment'

The mixing zone concept is  defined as an allocated
impact zone where water quality standards can be exceeded
as long as acutely toxic conditions are prevented. A mixing
zone is defined as a limited area or volume: where the
initial dilution of a discharge occurs (Water Quality

Standards Handbook, 1982). The water quality standards have

to be met at the mixing zoné boundary but not within the
mixing zone itself. = :

The mixing zone requirements established by USEPA state
that "the area or volume of an indiVidUal“zone‘qr\groUp of
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zones be limited to an area or volume as small as
practicable that will not interfere with the designated uses
or with the established community of aquatic life in the
segment for which the uses are designated" and the shape be
"a simple configuration that is easy to locate in the body
. of water ". The USEPA has published guidelines for
additional requirements (such as avoidance of settling
materials, debris, etc.) that should be met within any
" mixing zone. : : :

. The proposed rules for mixing zones recognizé.thevstate
has discretion whether or not to adopt a mixing zone and to
specify its dimensions. USEPA allows the use of a mixing

zone in permit applications except where one is prohibited
in State regulations. Typically, State standards require

. that water quality criteria be met at the edge of the

regulatory mixing zone in order to provide a continuous zone
of free passage that meets water quality criteria for free-
swimming and drifting organisms and to prevent impairment
of critical resource areas. Actual mixing zone definitions
are established on basis of a downstream distance, or plume
. .width or cross-sectional area or plume surface area or other
criteria depending on the type of water body. A summary of
mixing zone definitions is found in USEPA Technical Guidance
Manual (USEPA, 1984, see also Doneker and Jirka, 1989).

~1.1.2.2 Special Mixing Zone Requirements For Toxic
Substances '

When dealing with toxic discharges, the USEPA .advises
_careful mixing evaluation in order to prevent areas of
chronic toxicity that extend for large distances because of
poor mixing. Two regulatory criteria for toxic substances
are maintained by USEPA, these are: a criterion maximum
_concentration (CMC) for protecting against acute or lethal
‘effects; and a criterion continuous concentration (CCC) for
‘protecting against chronic effects. The CCC .is less
restrictive but must be met at the edge of the same
regulatory mixing 2zone specified for conventional and
nonconventional discharges. , :

The key aspect for the CMC criterion is that the CMC
must be met within a short distance from the outfall in
. order to prevent lethal concentrations of toxics in the

' regulatory mixing zone. One requirement for the toxic

- dilution zone (TDz) is that a minimum exit velocity of 3
meters per second (10 feet per second) must be met in order
to provide sufficiently rapid mixing which will minimize
organism exposure time to toxic material. Other geometric
restrictions for a TDZ are required (for example, the CMC
must be met within 10% of the distance from the edge of the
outfall structure to the edge of the regulatory mixing zone
_in any spacial direction, and the CMC should be met within
‘50 times the discharge length scale for each multiport
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nozzle), and are discussed in the Technical Support Document
for Water Quality-based Toxics Control (USEPA, 1985).

1.1.3 Requlatory Practice

In order to discharge any pollutant into watercourses,
the discharge must obtain a permit issued under the National
Pollution Discharge Elimination System (NPDES). The permit
is structured to insure that the discharge meets all
applicable standards. o ‘

In order to implement the mixing zone requirements, it
is necessary for the applicant to predict the discharge
initial dilution and the mixing zone characteristics. Given
the 1large number of possible combinations . of ambient
environments, discharge conditions, and mixing zone
locations, the  analyst must possess 'substantial skill,
training, and expertise in order to pursue accurate and
reliable effluent mixing analysis. :

In general, effluent mixing is induced by different
mechanisms along the discharge trajectory. In the "near
field" region of the discharge, jet-induced entrainment can
provide dilution, and further downstream in the "far field"®
the discharge velocity decreases and ambient diffusion is
the main mechanism for mixing. -

As an alternative to mathematical models, the
determination of pollutant concentrations can be 'achieved
in two ways, either by physical measurement for existing
discharges, or by a non-pollutant tracer injection which
will indicate an effluent dilution. These studies require

specialized field trained personnel and require extensive
effort and time. i

For these reasons and due to the complexity of the
physical mixing processes, permit writers are increasingly
relying on mathematical models to analyze the transport
behavior of pollutants (Tait, 1984). However, many of the
present models are very specialized and give precise results
only for particular cases. A few models which have been
developed for dilution prediction are, PLUME, OUTPIM,
DHKPLM, MERGE, and LINE (see Mullenhoff, et. al., 1985).

l.l1.4 The Role of Expert Systems in Mixing Zone: Analysis

Available predictive models vary from simple analytical
equations to intricate numerical solutions to differential
equations. The USEPA (Mullenhoff, et. al., 1985) has
published advice on the use of such models, but often the
user has 1little detailed guidance for model choice and
applicability. An example of this may be seen in use of
USEPA models which may violate the assumption of an infinite
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receiving environment. The plume actually may become bottom
attached or may be vertically completely mixed.

Also, after running the model, the user is faced with
the problem of analyzing the results. This task can be very
- challenging for the inexperienced user: due to its
complexity. .In summary, the user must be anv"expert" in the
interpretation of the model results, and must understand the
limitations of the models. It is expensive and "‘costly to
train all potential users to become experts in this field,
and for this purpose the development of expert systems would
be. helpful and efficient. .

Expert systems minmic the loglc that an expert might use
in solving a given problem. As cited in (Doneker and Jirka,
1989), "an expert system is a structured computer program
that uses knowledge and inference procedures obtained from
experts for solving a particular type or class of problem
called a ’domain’ ". This knowledge base employs reasoning
procedures similar to those used by an expert when anlayzing
-the problem. . .

Expert usystems possess great utility for. solving

. environmental science problems. ‘As mentioned by Barnwell
et al. -(1986), several preconditions must be satisfied
before using this technology. Those preconditions are

related to having a restricted well defined problem domain,
a logical knowledge base for solving a problem, and finally
an appropriate formalization of concepts compatlble with the
shell used.

Expert systems can be a powerful tool for the analyst
if these requirements are satisfied. The analysis and the
simulation of the effluent m1x1ng problem satisfy these
preconc. .tions because the mixing 2zone processes are
hydrodynamlcally well defined. _

.- A final justlflcatlon for the expert systems approach
for multiport diffuser analys1s can be  found in- the
1mplementlon of such a system  in analyzing single port
discharges in ambient water (Doneker and Jlrka, 1989). The
system has been found to be very successful in its ability
to predict mixing characteristics for complex problems,
involving a 1large variety of d1scharge/env1ronmental
~conditions. - : S

1.2 CORMIX2: An Expert System for M1x1nq Zone Ana1251s of
Multiport D1ffuser Dlscharqes .

1.2.1 8cope and Obiectlve

: The purpose of thls study is to create a tool for the
' analysis and design of submerged multiport diffusers
discharges into ambient receiving env1ronments, including
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the cases of positively or negatively buoyant discharges
issuing into stratified or non-stratified flowing  water-
courses. Furthermore, the limitations of a neutrally’
buoyant discharge and of a stagnant ambient are included.
The expert system will be labeled CORMIX2, for Cornell
Mixing Zone Expert Systen, ~ Subsystem 2. The first
subsystem, CORMIX1 (Doneker & Jirka, 1989), deals with
single port discharges into water-courses.

The objective of the expert system is to provide the
analyst with accurate and reliable predictions of discharge
mixing processes. The expert system should be easy, and it
should provide the analyst with detailed information and
advice regarding the initial mixing for a discharge design.

It is very difficult to create a system that applies to
every conceivable mixing zone and discharge configuration.
However, the goal of the present study is to develop an
expert system that works for better than 80% of typical
diffuser discharges, ranging from simple to fairly complex
cases. The rest of the cases may require a specialist using
either sophisticated numerical modeling or a detailed
hydraulic model study.

1.2.2 Summary of Present study

The expert system CORMIX2 is applicable to the
prediction of mixing behavior of multiport diffusers
emphasizing discharge geometry, the characteristics of the
legal mixing zone (IMZ), and the zone of toxic dilution
(TDZ) . CORMIX2 collects all input data, conducts
hydrodynamic analyses, summarizes dilution characteristics
including any 1legal regions if specified, and finally
recommends design changes in order to improve dilution
characteristics. C

Since its emphasis is on initial mixing mechanisms with
their short time scales, CORMIX2 assumes a conservative
pollutant or tracer in the effluent. Thus, any physical,
chemical, biological reaction, or decay processes are
neglected. However, if first-order processes are assumed,
the predictive results can be readily converted to include
such processes (see Section 5.4). |

Detailed explanations and descriptions of CORMIX2 are
presented in the following chapters. Chapter II presents
both the hydrodynamic flow processes occurring in effluent
mixing and the hydrodynamic flow classification. The
hydrodynamic flow processes are related to the various
stages of mixing of buoyant multiport diffuser discharges
in the ambient water. The flow classification describes
the interaction processes controlling the near-field
discharge mixing.




Chapter III describes the overall system structure and
the various program elements of CORMIX2.

Chapter IV covers the detailed hydrodynamic protocols
used to simulate the model.

Chapter V is devoted to the validation of CORMIX2 with
experimental and field data. The chapter also presents some
applications through design case studies in order to
illustrate the flexibility and limitations of CORMIX2.

. Chapter VI summarizes CORMIX2 capability and.performance’
and presents recommendations and - suggestions for future
improvements of CORMIX2. ,




Chapter II

Hydrodynamic Processes and Flow Classification

2.1 Introduction

The key ingredient for a predictive expert system must
be the study and understanding of the hydrodynamic processes
occurring in the environment, including the interaction
between the discharge configuration and the ambient
environment. . : v . '

The hydrodynamics of an effluent continuously discharged
into water bodies can be conceptualized as a mixing process
occurring in two separate zones (Figure 2.1). In the first
region, called the "near-field", the initial multiport
diffuser momentum flux, buoyancy flux, and outfall geometry
control the diffuser plume trajectory and its mixing
characteristics. This region covers the multiport
diffuser’s subsurface flow and any surface and. bottom
interaction, or in the case of a stratified ambient, the
terminal layer interaction.

Further downstream (away from the source), the multiport
diffuser geometry becomes less important, and hence ambient
conditions will control the mixing characteristics and
trajectory through buoyant motions and passive diffusion
due to ambient turbulence. This region is called the "far-
field"®.

The mixing processes in this study are treated in two
steps: classification of flows based on length scale
analysis, discussed' in section 2.3, and predictive models
for each flow zone covered in section 2.4.

2.2 Physical conditions

The general ambient environment is complex and sometimes
difficult to model due to complicated topographic
conditions. . A simple configuration or schematization
representing the ambient geometry is introduced in the
expert system CORMIX2. Other difficulties are a stratified
ambient and current effects which further complicate the
modelling process, and therefore need some simplifying
assumptions. . : ‘ :

Similarly, diffuser geometries may exhibit a great
degree of complexity. Therefore, restrictions to simplified
generic types have been made in CORMIX2.
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2.2.1 Aambient Conditions

Ambient conditions are defined by the hydrographic and
- the geometric conditions in the vicinity of the discharge.
For this purpose, typical cross-sections -normal to the
ambient flow direction at the discharge site and further
downstream need to be considered. CORMIX2 c¢onsiders two
cases of cross-sections: bounded and unbounded , Cross-
sections. A bounded cross-section is defined as a cross-—
section having both sided bounded by banks - as rivers,
streams, narrow estuaries, and other narrow watercourses.
An unbounded cross-section represents a discharge which is
located close to one boundary while the other boundary is
for practical purposes very far away (e.g. discharges into
wide lakes, estuaries, and coastal areas). '

2.2.1.1 Ambient Geometry

2.2.1.1.1 Bounded Cross~Section

The methodology assumes a rectangular cross-section
(Figure 2.2) that is defined by a width and a depth both of
which are constant in the downstream direction following the
ambient flow. This schematization may be quite evident .for
well-channeled and regular rivers or artificial channels.
For highly irregular cross-sections, it may require more
judgement and experience to define water-courses geometry.
One way of achieving this is by the repeated use of the
program so that the user can appreciate the sensitivity of
the results. o

In order to measure the roughness characteristics in
the channel, the value of the Manning "n", or alternatively
of the Darcy-Weisbach friction factor "f"®, must be
specified. These parameters influence the mixing process
only in the final far-field stage. :

2.2.,1.1.2 Unbounded Cross-Section
Lece2-2.¢ UNDOunded Cross—-Section

Most of the hydrographic and geometric information is
Closely related to the bounded case. _CORMIX2 will conduct
its analysis by assuming an "equivalent cross—sectional
area" defined by depth, by distance from one bank to. the
discharge position, and by ambient velocity. :

2.2,1.2 Ambient Currents

Ambient currents are usually encountered in the ambient
environment. CORMIX2 will assume a uniform ambient current
and will not deal with complicated representation of current
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patterns, including shear effects and other non-
uniformities.

Data related to the ambient flow condition must be
-~ available either as an average ambient velocity or as an
ambient discharge.

2.2.1.3 Stratification Effects

A variation of density with respect to the depth is
common in many water bodies. For example, seasonal
temperature conditions can affect the density and lead to
stratification of the ambient environment. Also often,
-ambient density stratification plays an important role in
discharge design objectives. For example, in sewage
discharges the prevention of plume rise to the water surface
can be accomplished by internal trapping induced by the
density gradient.

The methodology considers four cases of density profiles
which are shown in Figure 2.3. The user must choose among
the four profiles the one that best fits the actual ambient
proflle. The four proflles are:

Stratification Type A: The density varies linearly between
~top and bottom. ' :

"‘Stratification Type B: There is an upper mixed layer with
uniform density, a sudden density jump at an intermediate
"level, the so-called pycnocline (thermocline), and a lower
" layer with uniform density. ,

Stratification Type C: There is an upper mixed layer with
‘a uniform density, a sudden density jump, and a lower layer
in which the density varies linearly down to the bottom
value.

Stratification Type D: There is an upper mixed layer with
uniform density. At an intermediate level, the density
begins to vary linearly down to the bottom value.

In each type, a linear buoyancy gradient ¢ is defined as

e = - (g/p)dp/dz o (2.1)

where

g : gravitational acceleration,
p. ¢ ambient density (reference value),
dp,/dz : ambient density gradient.
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2.2.2 Discharge Conditions

Discharge conditions are related to the discharge flow
characteristics, the geometry of the discharge structure,
and the flow parameters.

2.2.2.1 Diffuser Geometry

 The discharge geometry is defined by the multiport
diffuser. A multiport diffuser is a structure consisting
of many closely spaced ports or nozzles which inject a
series of high velocity turbulent jets into the receiving
water. One can distinguish among two forms of port
openings, a simple pipe with port openings (holes in the
pipe), or a pipe with attached risers leading to the actual
port or nozzle (with the possibility of multiple ports for
each riser). The diffuser installation can consist of the
diffuser pipe laid on the bottom, half buried in a trench,
or deeply buried, or a tunnel below the bottom.

" A summary of all schematic ambient and discharge

characteristics is shown in Figure 2.2. The following
variables define the diffuser geometry:.

Lp = diffuser length. _
* N = number of diffuser openings (ports or nozzles).

£ = Lp/(N-1) = average port spacing.

D = port (or nozzle) diameter.

h, = port height above bottom.

¢ = vertical discharge angle.

s = horizontal discharge offset angle.

vy = alignment angle.

B = orientation angle.

The general multiport diffuser arrangement together with
its important geometric features is shown in Figure 2.4.
Multiport diffusers can have a large amount of geometric
detail. Each geometric parameter can play an important role
in the flow behavior. For example, a variation of the
horizontal port orientation angle, B, can induce a change
in the discharge trajectory. Three major types of multiport
diffuser geometries, each with highly different mixing
behavior, have evolved in actual engineering practice: the
unidirectional, staged, and alternating diffuser (see Figure
2.5). These diffuser types are classified mainly based on
their angle orientation relative to the diffuser axis 8.
In the unidirectional diffuser, all the ports point in the
same direction perpendicular to the diffuser axis (8 = 90°%) .
In the staged diffuser, the ports all point in the same
direction parallel to the diffuser axis (8 = 0°). In the
alternating diffuser, the ports are arranged in an
alternating fashion and point in oppdsite directions (8 =
+ 90°). The unidirectional and the staged diffusers possess
a net horizontal momentum input with a tendency to induce

i3
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currents within the ambient water body. The alternating
diffuser has a zero net horizontal momentum, and a lesser
tendency to generate currents and circulations.

Of course, there are variations on the basic theme for
each of the three diffuser types. A few of these
possibilities are shown on Figure 2.5. For example, there
may be double or triple port arrangements (with a small
internal angle) for both unidirectional or staged diffusers,
and the port orientation angle g may differ soméwhat from
the nominal value, ~ 90° or ~ 0°, respectively. Or in case
of the alternating diffuser, there may be multiple port
assemblies for each riser with several ports arranged in a
circular fashion. A special case of an alternating diffuser
is a diffuser with a vertical discharge, possessing zero
horizontal momentum input.

Furthermore, the designer can exercise some control over
the behavior of the discharge plume and other induced
circulations in the ambient water body. This is especially
important for diffuser discharges into shallow water that
are prone to vertical instabilities (see Section 2.3.1)
leading to concentrated high velocity diffuser plumes.
These concentrated flows can be controlled if the diffuser
nozzles have a "fanned design" w1th a variable orlentatlon
angle along the diffuser

EY*
-1 1 v LD

B = cot [ o log Ij‘y* ] (2.2)
Tp

in which y* is the distance measured from the diffuser mid-
point. A variable nozzle orientation with control according
to Eq. 2.2 has been shown (Jirka and Harleman, 1973; Jirka,
1982) to improve diffuser mixing while reducing the strength
of diffuser induced velocities in the ambient water. body.

Many of those diffuser design p0551b111t1es are
addressed in the input element of CORMIX2.

The effectiveness of each type of diffuser will further
depend on the direction of the ambient current relative to
the diffuser axis called the alignment angle +. One can
discern two extreme cases: (1) Perpendicular alignment (y =
90°), (2) and Parallel alignment (y =~ 0°).

2.2,2.2 Flow Parameters

The general diffuser flow field is, of course, three- .
dimensional. However, for near-field mixing analyses the
two-dimensional flow parameters are dynamically relevant.
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For this purpose, the details of individual discharge jets

with port diameter D and spacing £ are neglected and
2

replaced by an equivalent slot width B = 4?--on the basis

of equivalency of momentum flux per unit diffuser length.
This concept has been discussed by Jirka (1982), and by
Jirka and Akar (1991), and has been shown to be an accurate
dynamic representation. The main parameters for the two-
dimensional slot discharge are, the diffuser total flowrate
Q,, and the discharge buoyancy g’,. This leads to the
following flux parameters (per unit diffuser length), all
expressed in kinematic units

d = Q. /Ip = volume flux (flowrate).

m, = qu, = u’B = momentum flux.

Jo = 9,97, = u,g’,B = buoyancy flux.
in which

u, = Q,/(An) = port velocity.
A. = nD’/4 = port cross-sectional area.

g’, = 9g{p, = p,)/pr. = buoyant acceleration.

Po discharge density.

2.3 Hydrodvynamic Mixing Processes

As discussed previously in Section 2.1, the effluent
mixing process is divided into two regions (the near and far
field).

2.3.1 Near—~Field Processes

The essential feature of the near-field of a diffuser
discharge is given by buoyant jet mixing. 1In a jet, the
high veloc1ty of the efflux flow rapidly entrains ambient
fluid causing a high degree of dilution. The additional
effect of buoyancy can, depending on the direction of
buoyancy (acting upward or downward), further increase the
mixing intensity. Ambient currents and stratification have
a further influence on the jet mixing process.

An important aspect of the near-field dynamics of
multiport diffuser is the determination under what
combinations of discharge and ambient characteristics the
near-field will be stable or unstable (see Figure 2.6). As
explained by Jirka (1982), a near-field for buoyant
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discharges is stable when a buoyant surface layer is formed
which does not communicate with the initial buoyant jet
zZone. An unstable near field is defined whenever the
layered flow structure breaks down in the discharge
vicinity, resulting in recirculating zones or mixing over
the entire water depth (see Figure 2.6). ;

The stability criterion for the near-field region of a
buoyant diffuser discharge in a stagnant unstratified
ambient is given by the interplay of momentum flux, buoyancy
flux, and water depth H (Jirka, 1979, 1982) :

m,/ (3. H) = C/(1 + cos¥)? ' : (2.:3a)

where all the parameters involved were defined in the -
previous section and C is a constant. If an ambient
crossflow exists in the environment, then another
destabilizing factor is introduced, the ambient momentum
flux per unit length, m, = uy’H, where u, is the ambient

current. The additional effect of cross-flow of velocity
u, can be represented by an additional parameter m,/ (3% H)
which is added to the previous stabilty equation. Hence
the stability criterion for the near field of a
perpendicular diffuser discharge into a flowing water body
is given by Jirka (1982) as :

m./ (3PH) + (m, + m, cosd)/ (3 PH) = C o (2.3Db)

As examples, the application of those criteria (Egs. 2.3a
and b) to municipal and industrial wastewater diffusers in
coastal waters in which the effluent possesses freshwater
density usually indicates a stable regime. On the contrary,
thermal diffusers operate with and usually in very high
flowrates, with a small density difference less deep water,
and thus an unstable regime will be present. Detailed
analysis of the stability criterion and further applications
are discussed in Jirka (1982).

Stable discharge conditions can also be referred to as
a diffuser operating in deep water ("stable or deep water
diffuser") while unstable conditions indicate a shallow
water condition ("unstable or shallow water diffuser").
This terminology is used interchangeably in the following.
The related near-field equations for trajectory and dilution
of deep and shallow cases will be presented in Section 2.6.

2.3.2 Far-Field Processes

The far field zone begins after the flow interacts with

the water surface, pycnocline, or bottom. This .zone is
composed of one or two regions, depending on the discharge
characteristics. In the general case, the flow possesses

enough buoyancy and thus a region of buoyant spreading will
20




be established followed by a passive diffusion region. The
region of surface/pycnocline/bottom spreading is represented
by horizontal dynamic spreading and gradual vertical
thinning of the flow after interaction with the surface as
described by Roberts (1979) and by Koh and Brooks (1975).
In the present situation, occurrence of boundary interaction
may be poss1b1e, and hence the flow may become laterally
fully mlxed in the bounded sections.

In the reglon of passive diffusion, the dilution is
mainly controlled by the presence of turbulent mixing in the
flowing ambient water body. Again boundary interaction may
occur, and the flow may become both laterally and vertically
fully mixed in this region. For cases of non-buoyant or
weakly buoyant flow, buoyant spreading will not be present
and only passive diffusion will take place. For the case
of stagnant ambient, the far field zone will be ignored due
to the absence of any advection..

For the case of a near-field jet flow trapped by
linearly stratified ambient, the far field is composed of
two regions: internal buoyant spreading, and pa551ve
diffusion. The internal buoyant spreading behaves in the
same way as the surface buoyant spreading except that the
spreading occurs at the terminal layer rather than at the
water surface. The passive diffusion has the same charac-
teristics as the unstratified case with a reduced vertical
mixing due to the damping effect of ambient stratification.

2.4 Length 8ca1es Definitions

Length scales are used to descrlbe the relatlve impor-
tance of dlscharge momentum flux, buoyancy flux, ambient
crossflow, and den51ty stratification in controlling flow
behav1or, espec1ally in the near-field. The equivalent slot
concept is used in the following considerations.

2.4.1 Jet to Crossflow Length Scale

When an ambient crossflow of velocity u, is present, the
plane jet with perpendicular alignment w1ll be deflected as
shown in Figure 2.7b. The behavior of the jet in that case
is related to the momentum flux and to the crossflow. 1In
order to find the distance to the position where the jet
becomes affected by the crossflow, one can obtain from
dimensional analysis a jet/crossflow length scale 1_ :

1. = m/u;’ : ‘ (2.4)

U51ng this length scale together with the distance along the
trajectory s, one can deduce that for s/1, << 0(1l) the .
'1n1t1a1 plane jet momentum flux. per unit length will control.
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the flow, and for s/l, >> 0(1l) the crossflow velocity will
have more influence on the plane jet behavior.

2.4.2 Jet to Plume Length Scale

Flows, in general, contain both momentum and buoyancy.
Initially, the momentum controls the flow until the buoyant
acceleration overcomes the momentum factor and ultimately
dominates the flow. The distance at which there is a
transition between momentum domination to buoyancy control
in a stagnant environment, is represented by a jet/plume
length scale (see Figure 2.7a) 1, :

1y = m,/3.”° 1 (2.5)

Thus, for s/l, << 0(1) the flow behavior will be controlled
by momentum and for s/l, >> O0(1) the flow will be dominated
by buoyancy.

2.4.3 Jet/stratification Length Scale

When the additional effect of ambient stratification is
introduced, other important length scales will be involved
in the analysis. 1In the case of a stagnant ambient, the
length scale describing the height of rise of a nonbuoyant
jet in a stratified fluid is related to the momentum flux
and the buoyancy gradient e (see Figure 2.7c). The
jet/stratification length scale is given dimensionally by

1. = (m/e)™ (2.6)

As explained by Wright (1977), the combined effect of
stratification and crossflow will introduce two limiting
possibilities in either the momentum dominated jet or
buoyancy dominated plume: either the jet is still weakly
deflected when it reaches its maximum height of rise or else
it will be significantly bent over until the stratification
causes it to stop rising. The ratio of 1.7/1, << 0(1)
indicates that the nonbuoyant jet will reach its maximu

height of rise in the strongly deflected stage. :

2.4.4 Plume/Stratification Length Scale

In the case of a stagnant ambient, the length scale
describing the height of rise of a buoyant plume in a
stratified fluid, is related to the buoyancy flux and the
buoyancy gradient ¢ (see Figure 2.7d). This. length 1/, is
defined as ' o

1,7 = 3Pl ' S (2.7)




For a vertical distance of z/l1,’ << 0(1) the effect of
density stratification on plume behavior will be negligible.

2.4.5 Crossflow/S8tratification Length Scale

When reaching the maximum elevation, a near vertical jet
will still possess some vertical momentum which causes the
'jet to rise above the neutral buoyant position, but it will
face back due to its negative buoyancy. Thus, an oscilla-
tion of the flow with decreasing amplltude will occur
 (Wright, 1977). The length scale 1, associated with this
flow behavior 1is characterized by an interaction of
crossflow and stratification

1, = u/e’? (2.8)

2.4.6 Additional Comments

It is interesting to note that no plume to crossflow
length scale can be defined-on dimensional ground for the
two-dimensional plume. This is in contrast to the three-

dimensional round plume (Doneker and Jirka, 1989). This
arises from the fact that the vertical velocity of a two-
dimensional plume is constant, ~ J P leading in the

- presence of a constant crossflow to a stralght line trajec-
tory. Thus, no distinction of a plume region can be made.
However, it is possible to define a non-dimensional parame-
ter j,/u’ whose magnitude will be a measure of the slope of
that trajectory (see Section 2.6.1.1.5). This parameter
j./u. is the inverse of a Froude number defined by Roberts
(1977).

The multiport geometry controls the flow in the initial
region after the discharge. For a strictly two-dimensional
equivalent slot diffuser a length scale 1, can be defined
from its volume and momentum flux,

1, = >q02/m° (2.9)

which is identical to the equivalent slot width, 1, = B.
The actual multiport geometry, however, overshadows this
length scale, as the merging distance for the individual
three-dimensional jets is typically considerably larger than
1. . ‘

q

2.5 Hydrodynamic Flow Classification

In this section, a rigorous flow classification scheme
is developed that classifies any'glven.dlscharge/env1ronment
situation into one of several flow classes with distinct
hydrodynamic features. The classification scheme places
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major emphasis on the near-field behavior of the discharge
and uses the length scale concept as a measure of the
influence of each potential mixing process. Flow behavior
in the far-field, mostly in the form of boundary interac-
tions, is also discussed herein. ' e

2.5.1 Near-Field Flow Classification

The objective of the hydrodynamic flow classification
is to predict for a given discharge/ambient situgtion the
type of flow configuration that will occur. Once a reliable
classification has been established, it becomes much easier
to provide actual predictions for flow properties, including
pollutant concentration distributions, within the distinct
hydrodynamic zones pertaining to each flow class.

The present flow classification procedure uses the
length scale concept. The dynamic length scales character-
izing the discharge are summarized in Table 2.1. There are
five major length scales based on the two-dimensional
properties (per unit length) of the jet: 1., 1,, 1./, L./,
and 1,. In addition, if the diffuser is seen globally (over
its entire length) then additional length scales can be
defined based on the three-dimensional bulk variables, total
momentum flux M, = mIL, and total buoyancy flux J, = j.L,.
These definitions are, on dimensional grounds, entirely
analogous to the round buoyant jet (Doneker and Jirka, 1989)
and are also included in Table 2.1. All these lengths
interact with the geometric features of the ambient water
body, its depth H and its stratification parameter e, and
with the geometry properties of the diffuser, mainly the
angles v, and 4. :

Thus, in total, a large number of length scales plus two
angles seem to influence the near field flow configuration.
Therefore, this means that there exist a wide variety of
flow configurations that may occur in environmental applica-
tions. The classification procedure presented below yields
31 generic flow configurations. The actual number of flow
classes that can be modeled with the full predictive
methodology (Chapter IV) is considerably larger (at least
twice as many) since each of the 31 generic flow classes may
apply to a layer corresponding to the full water depth or
to the region below a pycnocline.

2.5.1.1 General Procedure

The flow classification is a 12 step procedure. that is
summarized in Table 2.2. This procedure is used to deter-
mine which flow class within the three major flow categories
the given discharge will exhibit. The three major flow
categories are: i) flows affected by linear stratification
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Table 2.1 Ssummary of Length Scales Applicable for
Multiport Diffuser :

A) Based on Two-Dimensional Slot Parameters:

1, = q’/m, = B = discharge geometric scale (Eq. 2.9).

1, = m/u’ = plane jet/crossflow scale (Eq. 2.4).

1, = m/3j® = plane jet/plane plume scale (Eq. 2.5).
1.7 = (m/e)” = plane jet/stratification scale (Eq.
2.6).
1, = j /e = plane plume/stratificatién scale (Eq.
2.7).
1, = u/¢"”? = crossflow/stratification scale (Eq. 2.8).

B) Based on Global Three-Dimensional Parameters:
| L, = Q/M}’ = discharge geometric scale.
I, = J,/u. = plume/crossflow scale.
Lm = Mol/z/'uav= jet/crossflow scale.
L, = M*/J3'? = jet/plume transitidn‘ scale.
L', = (M/e)” = jet/stratification scale.

L’, = (J/¢) " = plume/stratification scale.

where: Q, = qlIp, M, = mIy, and J, = Joly.

27




Table 2.2 Near-Field Flow Classification Procedure ?

Step 1: Test for density profile stability. If the ambient
is unstratified or the given stratification is
dynamically impossible according to a flux Richard-
son number criterion, approximate ambient density
with mean value and recompute discharge parameters.
Conclude stratification is not important and go to i
Step 10. : ' I

Step 2: Ambient has stable density stratification. Check
for density step change. If the ambient does not
contain a density step change (Types A or D in ;
Figure 2.1) go to Step 4. i

Step 3: Ambient density profile contains step change. !
Since the Stratification Type is B or C, approxi- ’
mate the actual lower layer stratification and the
step change with a surrogate linear stratification
(Figure 2.1). cCalculate surrogate gradient * and
surrogate stratification length scales 1., 1.7/,
and 1,.

Step 4: Possible flow trapping in linear density stratifi-
cation. Test for internal layer formation (flow
trapping), using the scheme outlined in the upper
portion of Figure 2.8). Use height H, (H, = H for
stratification type A, and H, = h,, for types B, C
or D). If (2, + h,))/H, > O0(1), density stratifica-
tion will not trap flow. Therefore conclude
ambient density stratification is not dynamically
important.Approximate ambient density with mean
value, recompute discharge parameters, and go to
step 10.

Step 5: Stratification is important and flow trapping may
occur. If there is no density jump in the profile
(Types A or D) go to Step 8.

Step 6: Test for trapping at density jump or in linearly
‘ stratified 1layer. If stratification type is c,
perform a second test for internal layer formation
using the scheme outlined in the upper portion of
Figure 2.8 based on the actual density gradient .
If (Z, + h,)/H, < 0(1), conclude the flow will become
trapped in the linearly stratified layer below the
density jump, go to Step 8.
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Table 2.2 (continued)

Step 7: Trapping at the density jump (pycnocllne) The

' linear stratification below the density jump is

dynamically unimportant. The effluent flow will

be confined to the lower layer of Stratification

Types B or C due to the strong density jump. For

Type C, approximate linear ambient density profile

of lower layer with mean, and recompute discharge
parameters. Set H, = h,, and go to Step 10.

Step 8: Check for flow interaction with bottom for flows
influenced by linear density stratification. Flow
may interact with bottom if the buoyancy is
negative or jet is directed downward. If Z, + h,
< 0, flow will interact with the bottom. Proceed
to Step 12.

Step 9: Complete flow classification for buoyant jet in
linearly stratified layer. Eight flow classes
exist (MS1 to MS8) as shown in Figure 2.8.

Step 10: Test for discharge buoyancy in uniform ambient
density layer height H,. If dlscharge is negative-
ly buoyant go to Step 12. ‘

. Step 11: Perform flow classification for positively buoyant
(for neutral) jet in uniform density layer. Nine
major flow classes (MUl to MU9) exist as shown in
Figure 2.9.

Step 12: Perform flow classification for negatively buoyant

: or downward directed jet in uniform density layer.
Fourteen major flow classes exist (MNUl to MNU14)
as shown in Figure 2.10. STOP.




leading to internal trapping (MS classes, Figure 2.8), ii)
buoyant flows in uniform ambient layers (MU classes, Figure
2.9), and iii) negatively buoyant flows in unlform ambient
layers (MNU classes, Figure 2.10).

Even though a stable ambient density profile may be
specified for a given situation, that profile may be weak
or even dynamically impossible in the presence of the
destabilizing effect of an ambient flow with mean velocity
u,. In Step 1 of Table 2.2 a flux Richardson criterion (see
Doneker and Jirka, 1989) is used to check for such destab-
ilization which would enforce a uniform profile.

Steps 2 through 8 in Table 2.2 determine the effect of
ambient density stratification (if present) on the flow.
In general, if the predicted terminal height of rise 27, for
near-field flows is greater than the actual layer helght H,,
then the effect of the 1linear stratification will be
unimportant and the buoyant jet will transverse this layer
as if it were in fact of uniform density.

If the terminal height of rise 2, is less than the layer
height H, additional tests (Steps 3 through 7, Table 2. 2)
are performed. In the case of a proflle with a den51ty jump
(stratification Types B and C in Figure 2.1) these tests
determine if the flow will be trapped by the pycnocline, or,
in the case of Stratification Type C, trapped within the
lower density layer. If the flow is trapped by the
pycnocline, the details of stratification below the
pycnocline are wunimportant and the region below the
pycnocllne will be represented by a uniform density layer
in all cases.

Step 9 is the detailed flow classification for those
flow classes whose dynamics are directly affected by linear
ambient stratification. The linearly stratified layer may
extend over the full water depth or be confined to the
region below the pycnocllne. Further details on this
classification are given in Section 2.5.1.2.

Steps 10 to 12 examine the flow behavior for those
categories for which the ambient layer can be take as
uniform (either existing or because any stratification is
weak and dynamically unimportant compared to the discharge
fluxes). The detailed classification for positively buoyant
(or neutral) discharges in such a layer is contained in Step
11 (see Section 2.5.1.3) and for negatlvely buoyant dis-
charges in 8tep 12 (see Section 2.5.1.4).

The detailed classification schemes for each flow
category (Figures 2.8 to 2.10) are discussed in the follow-
1ng sections. It is stressed that all criteria presented
in this Chapter and listed on Flgure 2.8 to 2.10 are "order
of magnitude" relations. The precise form of the criteria
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as well as the numerical constants are given in Chapter IV.

2.5.1.2 Flow Classes M8 for Linear Ambient Stratification

Referring to Figure 2.8, the first test level of the
flow classification for a buoyant jet in a linearly strati-
fied layer is to determine whether the flow is mostly jet-
like or mostly plume-like as it rises in the stratified
layer. This is achieved through the comparison of the
stratification length scales, 1.7/1,’. ’ :

The next determination is the relative importance of
crossflow on these stratified flows. For jet-like strati-
fied flows, if 1./1," < 0O(l1) the crossflow will have
strongly deflected the buoyant jet flow by the time the
stratification starts to influence the flow leading to-a
"crossflow dominated" regime, and thus the alignment angle
v will become an important factor in classifying the flows.
But for 1,/1,’” > 0(1) the crossflow is weak and the flow is
"stratification dominated", and hence the vertical angle ¢

will become the decision variable for classifying.

For plume-like stratified flows, because of the non-
existence of the two-dimensional plume to crossflow length
scale (see Section 2.4.6), a comparison of the effect of
stratification relative to the crossflow effect uses the
length scale 1,. If 1,’/1, < O(1) the crossflow will "have
strongly deflected the buoyant plume flow before the
buoyancy begins to affect the flow leading to a "crossflow
dominated" regime¥ (y is the further decision parameter) .
On the other hand, 1,//1, > O(1) signifies a "buoyancy domi-
nated" flow (6 is the decision parameter).

The terminal heights of rise 2, equations for any of
these flows are indicated on Figure 2.8. Detailed refer-
ences for these equations are in Section 4.3.2. In general,
the height of rise depends on 1./, or 1,” or 1, with an added
influence of 1, for crossflow affected stratified flow. The
sketches at the bottom of Figure 2.7 indicate the schematic
flow configuration for each flow class. Once the terminal
height has been reached, some flows (MS1, or MS2, or MS5,
or MS6) are further deflected by the strong crossflow
leading to far-field buoyant spreading and diffusion phases.
Other flows (MS3, or MS7, or MS8) have weak crossflow and
are more nearly vertical in their approach ("impingement")
to the terminal layer with an ensuing upstream spreading
phase. Flow class MS4 with strong horizontal momentum
experiences a near-horizontal "injection" into the terminal
layer. ‘ .
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2.5.1.3 Flow Classes MU for Buoyant Discharges into Uniform
Ambient Layers :

The flow classification system for positively buoyant
discharges in uniform ambient layers appears in Figure 2.9.
In this classification, the stability criterion (expressed
here in terms of length scale), defined in Section 2.3.1
(Egq. 2.3), is used to characterize the discharge as "deep
‘water" or "shallow water". A deep water discharge will have
relatively weak momentum as the flow contacts the surface,
while a shallow discharge will have a strong momentum as the
flow impinges on the surface. ' - :

, In the case of deep water (stable conditions), buoyancy
tends to have a stabilizing effect on the flow as it
contacts the surface. The study distinguishes between two
kinds of flow, one with a low ambient current where 1l,/1, <
0(1) (MU1V) and one with a high ambient current where 1,/1,
> 0(1) (MU1lH). o

In the case of shallow water, the flow has a strong
vertical momentum at surface contact and tends to be
" unstable. The jet is deflected downward by the surface and
an unstable recirculation zone occurs around the jet as it
re-entrains the deflected fluid flow. Therefore, the flow
is vertically completely mixed in the near-field. For these
unstable conditions, the diffuser geometry, particularly its
total net momentum input, becomes an important factor (flow
classes MU2-MU9). As defined in Section 2.2.2.1, there are
three kinds of diffusers (unidirectional, staged, and alter-
nating), and hence a flow configuration pattern is assigned
to each one.

For the special cases of a predominantly parallel
alignment (y < 45°) for the unidirectional diffuser and of
a predominantly perpendicular alignment (v 2 45°) for the
staged diffuser, respectively, thus, for cross~flowing dis-
charges a test is performed to determine whether momentum
or crossflow control the fully mixed diffuser plume in the
ambient *layer depth H,. If 1./H, > O(1) the flow is con-
trolled by momentum, and crossflow has a minor role in flow
behavior (flow classes MU3 and MU5), and in the case of 1./H,
< 0(l), crossflow will play the dominant role relative to
both momentum and buoyancy factors (flow classes MU4 and
MU6). In the remainder of the flow classes the diffuser
discharge is predominantly co-flowing, or has no net-
horizontal momentum in the case of alternating diffusers.

2.5.1.4 Flow Classes for MNU Negatively Buoyant Discharges
in Uniform Ambient Layers ' ‘ '

The classification system for negatively buoyant
discharges (Figure 2.10) bears some similarities to that for
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positively buoyant discharges described above.  Several -
negatively buoyant flow classes have a "“mirror image"
analogy to the positively buoyant flows. :

Again, using a similar stability criterion as before,
one can distinguish between deep and shallow cases. In the
deep water case, the first step is to determine whether
momentum or buoyancy dominates the flow with respect to the
ambient layer depth H,.. If 1w/H, < 0(1), the flow will be
buoyancy dominated after a short distance and therefore will
not have any surface interaction. If 1,/H > O0(1l), the flow
will be momentum dominated in relation to the ambient layer
depth H,. Additional testing is performed in the buoyancy
dominated branch where the momentum length scale is compared
to the ambient layer depth H,. If 1./H, > O(1), crossflow is
weak, and hence the flow will rise slightly before falling
to the bottom (MNU1). If 1./H, < 0O(1l), the effect of
crossflow is high, and the flow, after rising slightly,
becomes advected downstream with a gradual approach to the
bottom (MNU2). For the momentum dominated branch, the
discharge geometry becomes important. For the alternating
diffuser, the flow will behave similarly to the previous one
(MNU2) . For the unidirectional diffuser, additional tests
are performed to determine whether momentum and buoyancy or
crossflow dominate the flow. The overall length scale L,
(see Table 2.1) is used for that purpose. If 1,/L, < O(1),
the flow has a weak deflection (MNU3), otherwise, the flow
possesses a strong deflection due to crossflow (MNU4) . - The
same comparison is done for the staged diffuser but using
the overall length scale I, (see Table 2.1) instead of 1,.
Weak deflection is indicated for L,/L, < O(1) (MNU5), and
strong deflection for L,/L, > O(1) (MNUSs), respectively.

In the fully mixed shallow water cases, the same
decision tree is used as for positively buoyant discharges
(Figure 2.9) to describe the flow configuration (MNU7-MNU14)
with the exception of bottom restratification in the far-—
field.

2.5.2 Far-Field Flow Behavior

After the effluent flow has interacted with the water
surface, bottom, pycnocline, or terminal layer and has thus
completed its near-field phase, the far-field mixing begins.
In the general case, the discharge flow contains sufficient
buoyancy and there will be a buoyant spreading region
followed by a passive diffusion region. ~ The buoyant
spreading region is characterized by dynamic horizontal
spreading and gradual vertical thinning of the mnixed
effluent flow, while being advected by the ambient current.
Vertical boundary interaction may occur, and the flow may
contact one or both lateral boundaries (shorelines). In the
passive diffusion region, the dilution is controlled by the
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turbulent mixing action of the flowing ambient water body.
Again, boundary interaction may occur, and the flow may
become both laterally and vertlcally fully mixed’ within the
layer height H, in this reglon. If the flow is non-buoyant
or weakly buoyant there is no buoyant surface spreading
region, only a passive diffusion region.

In contrast to the near-field flow there is no need for
an advance classification scheme to determine the behavior
of the far-field flow for a given discharge/environment
situation. Since effluent flow in the far-field is always
advected in the direction of the ambient flow, the various
interaction processes are simply calculated as part of the
downstream modeling process of the applicable far-field

solutions. This applies also to the transition between
buoyant spreading and passive ambient diffusion (based on
a flux Richardson number criterion). These’ aspects are

discussed in Doneker and Jirka (1990).

2.6 Analysis of Individual Flow Processes

The dynamics of individual mixing processes and their
analysis are discussed in this Section. The first subsec-
tion deals with jet/plume dynamics in deep water including

boundary interaction processes. The second subsection
addresses the diffuser-induced fully mixed plume motions in
shallow water. -Finally, specific features of buoyant

spreading and diffusion processes in the far—fleld are
discussed. ‘

2.6.1 Buoyant Plane Jet Processes in Deep Water

The effluent leaving the diffuser ports‘behaves as a
series of round buoyant jets (see Figure 2.11, Holley and
Jirka, 1986) and hence round buoyant jet analy51s can be
used for prediction. At some distance, the adjacent plumes
merge with each other, and from then on the flow can
essentially be considered as two-dimensional. The initial
round plume region (three-dlmen51ona1 region) will not be
considered in the following analysis.

2.6.1.1 Unstratified Ambient

This section presents analytical results for plane jets
and plumes issued vertically upward from a slot of width B,
perpendicular to the crossflow. First, the simple plane jet
and plume solutions in stagnant env1ronment are introduced.
Then the theory is expanded to include the effects of
ambient crossflow and stratification.” The procedure is
based on perturbation solutions, in the sense that a simple
analytical solution is being perturbed by assuming a small
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Figure 2.11 Interference of Individual Round Jets from
Multiport Diffuser Discharges forming Two-
Dimensional (Slot) Jets or Plumes (Ref. Lee
and Jirka, 1991).
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effect of an additional variable (e.g. a weak crossflow).

For the following development the simplest possible
assumptions are being made: a plane source, either vertical
or horizontal orientation, and only one perturbing variable.
The results can be readily generalized to more complex
conditions (e.g. arbitrary orientation or multiple influ-
ences) . Indeed, such generalizations are implemented in
the predictive elements presented in Chapter IV.

2.6.1.1.1 Simple Plane Jet in Stagnant Environment

Consider a plane jet (2-D) in a stagnant ambient fluid
(Figure 2.12). In the initial stage (when flow exits from
the equivalent slot diffuser), the velocity distribution is
near uniform. After a short distance s along the jet
trajectory, the velocity profile approaches a bell-shaped

(Gaussian) distribution.

The maximum velocity u, occurs along the trajectory
centerline and a similarity profile is assumed for the
velocity distribution. Similar conditions hold for the
centerline concentration c, of pollutant or tracer mass.
Thg Jjet centerline velocity u, decreases with distance s
from the point of transition as the plane jet entrains the
stagnant ambient fluid. The momentum flux per unit length
m, is conserved along the trajectory, and the variation and
magnitude of the plane jet centerline velocity depend
essentially upon m, and the distance along the trajectory
s, u, « (m,s). Using dimensional analysis, one obtains

u, = c(m,/s)"” (2.10)
where ¢ is a constant.

The width b of the plane jet can, in principle, also
depend on m, and s, but for dimensional reason, the only
possibility is a linear spreading

b = bs : (2.11)
where b, is a constant.

The volumetric dilution S at any cross-section along the.
jet is defined by S = ¢,/c,, where ¢, is the initial concen-
tration (at the ports). The dilution S is related to m,,
s, and q,, and by conservation of mass, one obtains

s = s,(ms)/q, = s;(s/1)" (2.12)

where s, is a constant.

39




VELOCITY
PROFILE

ENTRAINMENT u
VELOCITY :

CONCENTRATION
PROFILE
Uo, po = pa, cg .

AMBIENT DENSITY p,

2ONE OF
FLOW ESTABLISHMENT

Time-averaged conditions

Figure 2.12 Plane Jet in Stagnant ‘Environment (Reg. Holley :
and Jirka, 1986). -




2.6.1.1.2 Simple Plane Plume in Stagnant Environment

A plane plume rises vertically and experiences an
increase in vertical momentum flux per unit length with
distance 2z above the source (Figure 2.13). The buoyancy
flux per unit length is constant for any plume cross-section .
as it rises in an unstratified ambient. By dimensional
analysis, the centerline velocity is independent of z

u, = c(3,)"” — (2.13)
where ¢ is a constant.

The width b of the plane plume depends on distance 2

b = b,z (2.14)
where b, is a constant.

The dilution for a plane plume can be expressed by the
buoyant acceleration g’, (buoyancy is conserved in the plane
plume) which decreases with distance s as the plume rises
and becomes diluted by the ambient fluid. The decrease in
g’, is directly proportional to the amount of ambient fluid
entrained in the plume, so that S = g’ /q,. Using the
cantinuity equation for buoyancy flux

S = s3jollss/q° = s,8/(1 1) (2.15)

where s, is a constant.

2.6.1.1.3 Weakly Deflected Plane Jet in Crossflow

For a relatively weak crossflow, the plane jet would
behave in the same manner as if it were in a stagnant
environment, except that it is slightly advected by the
ambient current (Figure 2.7b). This region is defined for -
z/1, << O(1).

Considering a plane jet issuing perpendicular to the
crossflow, after the region of flow establishment the
vertical velocity is given by Eq. (2.10). The kinematic
relationship for a plane jet moving horizontally with the
crossflow velocity u, is, in the first order

dx/u, = dz/u, ' 7 ‘ (2.16)

Substituting Eg. (2.10) into (2.16) and integrating gives
the trajectory relationship for the weakly deflected plane
jet flow expressed in terms of the jet to crossflow length
scale

2/1, = t,(%/1,)% (2.17)
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where t, is a trajectory constant.

The plane jet width is similar to the width in the
stagnant case, and is.given by Eq. (2.11).

The equation for dilution is similar to Eq. (2.12), and
expressed in terms of the length scale is

S = s,(2/1)" (2.18)

where s, is the dilution constant.

2.6.1.1.4 Stronqly Deflected Plane Jet in Crossflow

For z/1_, >> 0O(l) the ambient flow will have a more
direct effect on the flow pattern. For a strongly deflected
plane jet, the vertical velocity has decayed to less than
the value for the ambient crossflow; thus the ambient
crossflow will have significantly deflected the plane jet
as shown in Figure 2.7b.

The equations for the strongly deflected plume jet are
derived on the basis of a "plume impulse" model analogous
to the 1line impulse model used for the deflection of a
sitgle round jet (see Doneker and Jirka, 1989). Using the
impulse model, the characteristic variables are the distrib-
uted momentum impulse m’ (m’ = m,/u,), the vertical rise gz,
and the ambient velocity u,. Applylng this concept to the
plane jet, the vertical velocity of rise u, is proportlonal
to m/u,z. Applying Eg. (2.16) one flnds the trajectory
relation for the strongly deflected jet flow in non-dimen-
sional form

z/1, = t,(x/1,)" (2 .19)
where t, is a trajectory constant.

Similar to Eq. (2.11) the jet width is proportional to
position z

b = b,z ‘ (2.20)
where b, is a constant.

The continuity equation provides the dilution S at any
position z '

s = s,z/(1,1)"" ‘ : , T (2.21)
where s, is a dilution constant.

Little is known about the appropriate constants for such
deflected jets. Assuming that the two-dimensional plane
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jet is penetrated by the crossflow and broken-up into three-
dimensional elements, the coefficients t,, b,, and s, can be
assumed to have the same values as those used for the three-
dimensional counterpart (see Doneker and Jirka, 1989). '

2.6.1.1.5 Weakly and Strongly Deflected Plane Plume in
Crossflow

As remarked in Section 2.4.6, in the two-dimensional
case, a plume to crossflow length scale does not exist.
Therefore, in order to investigate the deflected plume
dynamics, one can compare the vertical plume centerline
velocity u. to the ambient velocity u,. Two cases are
possible: '

a) If u, >> u,, the initial buoyancy will dominate and
crossflow is of secondary importance. Therefore the flow
will behave as plume in a stagnant environment but will be
weakly advected with the crossflow. In analogy to the
weakly deflected jet flow (Section 2.6.1.1.3), the trajecto-
ry equation for the weakly-deflected plane plume flow ex~-

pressed in terms of length scales is v :
z = tx(1l,/1y)"” C (2.22)
where t;, is the trajectory constant. | |

The plane plume width is similar to the plume iisSuing
in a stagnant environment and is given by Eq. (2.17).

The dilution S is similar to Eq. (2.18),'and expressed
in terms of length scale is

S = 5,2/ (1yl)"* - . (2.23)
where s, is the dilution constant.

b) If u, << u,, the high ambient velocity will cause a
strongly deflected plane plume behavior. It is reasonable
to assume that this bent-over plume behaves as a distributed
thermal, an instantaneous release of buoyancy-driven fluid
along a line source. The characteristic variables are. the
buoyancy release, j’= j,/u,), the vertical rise z, and the
ambient velocity u,. Applying these concepts to the plane
plume, the vertical velocity u, is proportional to (j./u,)?,
and the trajectory relation for the strongly-deflected plane
plume flow is : : '

z = £x(1,/1,)*" (2.24)

where t, is a trajectory constant.

Plane plume width is similar to Eq. (2.14),
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b = b,z : | j | ' . (2.25)

where b, is a constant for the bdh flow. Using the continﬁ-
ity equation to find the dilution 8 at any position z,

s = s,z/(1,1)"” , . (2.26)

where s, is a dilution constant.

2.6.1.1.6 Horizontal Plane Jet with Vert1ca1 Buovant
Deflectlon

For a horizontally discharging jet with weak vertical
deflection induced by the discharge buoyancy, the centerline
velocity is given in first order by the simple plane jet
solution, Egq. (2.10), or u, = (m/x)"* in which x is the
horizontal coordinate dlrectlon. The small vertical
deflectlon due to the 1ocal buoyancy-induced veloc1ty w is

dz/dx = w/u, R . (2.27)

The local buoyant vertical acceleration of a jet élement is
given by

® dw/dt = j,/(bu) , . (2.28)
in which b & x is the plane jet width. With the Galilean
transformation dt = dx/u,, and after substitution for b and
u,, Eq. (2.27) and (2.28) can be solved to give the normal-
ized trajectory relation

z/1y = ts(x/L)%" | © (2.29)
The appropriate width and dilution equations are

b = bx , (2.30)
and

S = s5(x/1)"" o ' ' (2.31)

where the constants b; and s; should be numerically similar
to those for the weakly deflected jet in crossflow, b, = b,
and s; & s, respectlvely In either case the perturbation
effects are small and the equations must be identical if no
perturbation is present. The above solutions are valld in
the region x/1, < 0(1).




2.6.1.1.7 Vertical Plane Plume with Horizontal Momentum
Deflection

The final phase of a horizontal buoyant jet will be a
vertically rising plume which is weakly deflected by the
effect of the horizontal discharge momentum (see Fig.
2.5a). This will occur in the region z/1, > 0(l). The
plume will have a local vertical centerline velocity given
in first order by the plane plume solution, Eqgq. (2.13).
The small horizontal deflection of the plume trajectory is
given by

dx/dz = u/u, ' : (2.32)
where u, is the induced horizontal velocity due to the
discharge momentum flux m,. Conservation of horizontal
impulse implies

bu, & m/u, | , (2.33)

in which b 2 z is the plume width. The trajectory relation
is obtained after substitution and integration

X = X + tdlyln(z/z;) (2.34)
in which x; and 2z; are the ultimate value of the horizontal
and vertical deflection for the final stage (z approaches
infinity) of the vertically rising plume. The width and
dilution are given directly by Egs. (2.14) and (2.15), or
using the appropriate length scales,

b = bz (2.35)
and

S = 8.2/ (11"  (2.36)
As before, the constants b, and s, should be the same as

those for the weakly deflected plume, by = b, and s, 2 s,,
respectively. :

2.6.1.2 Typical Regimes of Buoyant Plane Jets in Linear
Stratification ‘ =

This section presents analytical results for piane jets
and plumes issued from a slot of width B discharging into
a stratified ambient. ‘ '

2.6.1.2.1 Plane Jet in Linear Stratification

The ratio 1,’/1, << O(1) indicates that the nonbuoyant
jet will reach its maximum height of rise before it is bent
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over by the effect of crossflow. Therefore, in order to
find solutions to that region (region beginning from the
discharge point to the maximum height) where the effect of
crossflow is negligible, one has to use the differential
equations of the simple plane jet in an unstratified
stagnant ambient and extend them to include the factor of
stratification. Two extreme cases of vertical and horizon-
tal jets are addressed.

a) Vertical Jet in Linear Stratification

Using the jet differential equations (Section 2.6.2,
Holley and Jirka,1986) and adding the effect of stratifica-
tion to the buoyancy term (Section 2.7, Holley and Jirka),
one can get a solution for the zone described. The solution
details are omitted here. The equation for terminal height
of rise expressed in length scale is

z, = tl,’ ‘ (2.37)
where t, is a constant.

The width of the plane jet is similar to Eq. (2.14),

b = bs (2.38)
where b, is a constant.

The dilution S is found to be related to the momentum
flux m,, the discharge q,, the stratification parameter ¢,
and the trajectory distance s. The equation of S expressed
with appropriate length scales is :

©8 = (581" (1 - sq(s/1,7))" (2.39)
where s, and s, are dilution constants.

b) Horizontal Jet in Linear Stratification

Using the solution for the plane jet in an unstratified
ambient (Holley and Jirka, 1986), the equations for plane
jet width and plane jet dilution are

i

b = bs ‘ (2.40)
s

s,(s/1) " (2.41)

where b, and s, are respective constants.

2.6.1.2.2 Buoyant Plane Plume in Stratified Stagnant Ambient

In. contrast to the preceding solution for the pure jet
there does not exist an explicit solution for the pure plume
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in stratified stagnant ambient. However, in the region
below the terminal height, z << Z,, stratification will be
of second order and the solution can be approximated by the
line plume solution in unstratified ambient. This leads to
the dilution equation, :

S = 8,2/ (L,1,)"* (2.42)
where s; is the dilution céefficient,=and the width‘equatiOn

b = b,z ' . _ (2.43)
where b, is a constant.

The constant related to the dilution s; should be

similar to s from Egq. (2.15), and constant b; similar to b,
from Eq. (2.14). '

2.6.1.3 Surface, Bottom, and Terminal Layer Interaction
Processes : :

Ambient water bodies always have vertical boundaries:
these are the water surface and the bottom, but in addition
"internal boundaries" may exist in the form of layers of
abrupt density changes (pycnocllnes) Depending on the
dynamic and geometric characteristics of the discharge flow,
a large number of interaction phenomena can occur at such
boundaries. Furthermore, in the case of a linearly strati-
fied ambient where flow trapping may occur, other interac-
tion phenomena may take place. :

In essence, these interaction processes .provide a
transition between the jet mixing process in the near-field
(Section 2.6. 1), and between buoyant spreading (Section
2.6.3) and passive dlffu51on (Section 2.6.4) in the far-
field.

Several possible interaction processes are analyzed in
detail by Doneker and Jirka (1989). These processes pertain
to single port as well as to multiport discharges. They
are: (1) near-vertical surface/bottom/pycnocline impingement
with buoyant upstream spreading, (ii) near-vertical
surface/bottom impingement with unstable recirculation,
buoyant restratification, and upstream spreading, (iii)
stratified terminal layer impingement with buoyant upstream
spreading, and (iv) stratified near-vertical surface
injection with upstream spreading.

A control volume approach is used for the following sec-
tion. When the flow contacts the boundary, b, and b, are
defined as the vertical depth and horizontal half-width of
the subsequent flow, respectively. The variable subscripts
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#iv (initial) and "f" (final) (e.g. b;,, S,) denote control
volume inflow and outflow quantities, respectively.

In the surface approach the bent over flow approcaches
the water surface near horizontally at impingement angle 4,
< 45.. The flow is advected with the ambient velocity fleld
at a rate equal to u,. This situation occurs for crossflow
dominated jet-like and plume-like cases that are relatively
weakly buoyant, hence the flow will be strongly deflected
when it contacts the surface.

Experimental evidence (Jirka and Harleman, 1973)
suggests that within a short distance after surface impinge-
ment the concentration distribution for a 2-D flow changes
from the assumed Gaussian distribution to a top-hat or
uhiform distribution. Using a control volume approach the
initial centerline dilution is related to the final bulk
dilution, and a bulk mixing 'process is assumed with S, =
cs;, where c is a constant. The width of this section is
given by the diffuser length and the alignment, 2b, =
Lysiny. The continuity equation for the control volume is
then

SQ, = ubpysiny/2 | | | , (2.44)

where b, is the final flow vertical width, and b, is the
final flow horizontal half-width.

‘A dynamically analogous situation exists for the bottom
approach of a downward oriented jet or negatively buoyant
flow. Also the approach process to any internal pycnoclines
is quite similar, even though the layer configuration will
adjust itself hydrostatlcally along the pycnocline depending
on the density jump conditions (see Doneker and Jirka,
1990). '

For the case of unstratified ambient, one more interac-
tion process exists which is the near-vertical surface
impingement with buoyant upstream spreading. A full discus-
sion on this particular flow can be found in Doneker and
Jirka (1990).

For the case of stratified ambient, two possible flow
regions can exist for terminal flow interaction; i) near-
vertical terminal layer approach with buoyancy upstream
spreading, and ii) terminal layer injection with surface
spreadlng (see also, Doneker and Jirka, 1990).

2.6.2 Diffuser Induced Jet Mixing in Shallow Water

As mentioned before, when the stability criterion is
exceeded in Eq. (2.3a) (stagnant case) or Eq. (2.3b) (with
ambient crossflow), then the flow becomes unstable, and
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therefore the diffuser geometry and flux parameters are the
important elements. For these cases, the unstable 'near-
field is typically vertically well-mixed, although the mixed
flow may re-stratify in the later far-field. Significant
currents and large-scale circulation may be introduced in
the shallow receiving water. The most frequent use of
shallow water diffuser theory is in the design of submerged
cooling water discharges. y

2.6.2.1 Unidirectional Diffuser

The flow generated by a unidirectional diffuser (Figure
2.5) is generated by pressure gradients which are set up by
the momentum input (Jirka, 1982). The induced flow sepa-
rates near the diffuser ends into a contracting slipstream,
i.e. an acceleration zone (Lee and Jirka, 1980).  The flow
structure is shown in Figure 2.14. The equations related
to the unidirectional diffuser are found when analyzing the
contracted slipstream. 1In the following the acceleration
zone solutions for the diffuser in a stagnant ambient are
presented, and then extended to include the effect of an
ambient current.

2.6.2.1.1 Stagnant Ambient

The solutions for that case are given by Lee and Jirka
(1980). The bulk dilution in the acceleration zone is in
the present notation

s = (H/21)"? . | . (2.45)

The diffuser horizontal half-w1dth is found to be related
to the streamline approach angle 4¢,, the distance x along
trajectory, and the diffuser 1length L. For 'stagnant
conditions, the approach angle 4, is close to 60°, and the
transition to diffusion 2zone was found to occur at a
distance of about L,/2. Due to the dlfflculty of mapping,
the contracting slipstream half-width b, is fit by the
following equation as an approximation to Lee and Jirka
(1980) solution : c

b, = Ly/2 [o, + (1 - 0;) exp(-3x'(1 + x7))] o ~(2.1-176)‘

with %' = 2x/L, and o, = contraction ratio = 1/2.

2,6.2.1.2. Ambient Crossflow

With the presence of an ambient current, it is necessary
to know the alignment of the diffuser relative to the
crossflow. Two cases are discussed here, the case of
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predominantly perpendicular (y ~ 90°) and parallel (y %= 0°)

©alignment..

'~ a) Perpendicular Alignment (y =~ 90°)

The "Coflowing Diffuser" in which the diffuser axis is
‘perpendicular to the crossflow, has the same flow features
as those under stagnant conditions. The result for the bulk
dilution (Adams, 1972, and Lee and Jirka, 1980) expressed
in length scales, is

S = H/2(1,1)"* + ((¥ + 2H1,)/1,1)" (2.47)

Using the same procedure as for the stagnant case, with
the exception of having the approach slipstream angle as
function of dilution S, port velocity u,, and ambient
velocity u,, the horizontal diffuser half-width is
approximated by - S

b, = L,/2 [0, + (1 — o;) exp(=3x(1 + x%))] (2.48)
whera |

X = 2%/L, | (2.49)

or = (S(L./1)% + 0.5)/(8(1./1)% + 1) ~ (2.50)

The performance of the unidirectional diffuser has been
found effective in a coflowing current. But under current
reversals (e.g. in tidal conditions) the diffuser perform-
ance is poor with intense effluent concentration buildup
zones occurring whenever the nozzle direction opposes the
- incoming wcurrent (counterflowing diffuser) (Adams, 1980,

Harleman and Jirka, 1971).

b) Parallel Aliqhment (y =~ 0°)

.- The "Tee Diffuser" in which the diffuser axis is
‘parallel - to the ambient current, behaves in a slightly
different way than the coflowing diffuser. Experimentally,
it has been found that the mixing performance depends on the
ambient to discharge momentum flux, m/m,, or expressed by
~ the ratio, H/1,. For  weak currents, H/l, < 0.1, the
dilution S is similar to the previous one in Eq. (2.47);
however, for larger values of H/1l,, the near-field dilution
drops. Analysis over a wide range of data (Adams and
Stolzenbach, 1977) leads to an empirical reduction factor
r,, which gives a dilution reduction relative to the perpen-
dicular case value S, Eq. (2.47) '

r, = [1 + 5(H/1,)]1" , (2.51)




The cause of this reduction in dilution is related to the
interaction of individual jets, where the pressure distribu-
tion set up by the ambient current limits the quantity of
water which can enter from behind the diffuser (Jirka and
Lee). As for the horizontal half-width, the same equation
used for the coflowing case (Eq. 2.51) applies here.

Due to large induced flow involvement, the tee diffuser
must be located far offshore in order to provide enough
space for back entrainment flow. With a shoreline boundary
placed at a separation distance x, from and parallel to the
tee diffuser line, theoretical and experimental work (Figure
2.15) show that significant reduction of induced flows and
bulk mixing can occur if the separation distance is less
than L,/2 (Adams et al, 1982, and Lee, 1984).

2.6,2.2 sStaged Diffuser

The jets in a staged diffuser (Figure 2.4b) possess a
small nozzle orientation angle 8 ~ 0° with respect to the
diffuser axis. As mentioned in Jirka (1982), experimental
observation suggests a region composed of two zones; an
acceleration zone along the whole diffuser length in which
momentum is imparted, and, beyond the diffuser, a decelera-
tion zone with lateral diffusion and bottom frictional
dissipation (Figure 2.16). The induced flow contains a
boundary layer geometry and can be modelled as a momentum
line source imparted to the ambient flow over the diffuser
length.

2.6.2.2.1 Stagnant Ambient

Using the results of Lee (1980), the dilution equation
for the acceleration zone is '

8 = s, (H/1y)™ | . (2.52)
where s, is a dilution constant.

Using simple geometric reasoning, the ‘horizontal
diffuser half-width, which depends on the distance along the
trajectory and the nozzle orientation relative to the
diffuser axis 3,

b, = (b, + 0.5 tan 8)x (2.53)

where b, is a constant.
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2.6.2.2.2 Ambient Crossflow

With the presence of ambient current, the mixing
performance will improve relative to the stagnant case.
The dilution S is determined by adding a term related to
crossflow to Eq. (2.52), and hence .

S ==s ((1L-1,/1H/1)" - ‘ (2.54)
For the special case of strong ambient current, the dilution
equation for the perpendicular diffuser allgnment is (Jirka,
1982)

S = s,(H/1)"(1 + 2.23H/1,)" ~ (2.55)
where s, is a dilution constant.

The plume half-width is similar to the stagnant case

and is given by Eq. (2. 53)

2.6.2.3 Alternating Diffuser

As described earller, the alternating diffuser (Figure
2.5¢c) does not impart any net horizontal momentum, because
its jets alternately discharge in opposite dlrectlons. As.
remarked earlier, the alternating diffuser category also
includes other nozzle (port) arrangements that do not impart
any net horizontal momentum e.g. vertical dlscharge orienta-
tion or nozzle clusters radially attached to rlsers.

2.6.2.3.1 stagnant Ambient

Ooutside the unstable recirculation zone (Flgure 2.17),
a stratified counterflow region is generated and the bulk
dilution is influenced by buoyancy effects instead of pure
momentum effects (Jirka, 1982). The transition to this
region occurs at an approx1mate distance of 2.5H (Jirka,
1982).

Using the two-dlmen51onal channel ana1y51s described by
Jirka (1982), the dilution is found (taking &, = 0.1 in
Figure 18 of Jirka, 1982), as :

S = sH/(1,1)" ' - "~ (2.56)

where s, is the appropriate dilution constant. This
dilution factor characterizes the fully mixed near-field
zone extending for a width 2.5H on  both 'sides of the
diffuser axis. A stratified counterflow system exists
outside that near-field. :
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2.6.2.3.2 Ambient Crossflow

The dilution in an ambient current may be estlmated by
a vector addition of the stagnant water dilution and the
ambient flow dilution (Jirka, 1982). Hence adding the
ambient term, the dllutlon for the perpendicular allgnment

= H[(0.251, + 1M)/1M1 1,1 . a ' (2 57)

The initial half-w1dth of the flow downstream from the
alternating diffuser is

b, = 2.5H + I,/2 ' ‘ (2.58)
A reduction of 20% from the perpendlcular alignment

dilution (Eq. 2.57) is typical for the parallel alignment
dilution (Jirka and Harleman, 1973).

2.6.2.4 Fully Mixed Diffuser Plumes (Intermediate Field)

Following the terminology used by Jirka (1982) the
gradually expanding diffuser plume induced outside the
acceleration zone of either the unidirectional (Figure 2.14)
or staged (Figure 2.15) diffuser is referred to as the
"intermediate field". '

The intermediate field plume is .divided .into two
regions: region 1, and region 2.

Region 1 starts immediately after the acceleration zone,
and extends up to a distance where restratification occurs.
This distance is determlned. by the initial value of a

densimetric Froude number, F, = u/(g’H,)"?, with g/, = 9’./S) .
As typical for intrusion processes the initial value F, is
of order unlty (Jirka, 1982). The transition distance for

region 1 is
s, = cL,/F @ - ' (2.59)

where c is a constant and is domlnated by the 1ength scale
Ly representative for the entire diffuser.

The model for the vertically mixed two-dimensional jet
flow associated with this region has the same characteris-
tics as the regime related to the momentum dominated near
field (see Section 2.6.1.1.3) with the exception of having
a different momentum to crossflow length scale, and a
different discharge to momentum length scale respectively.
Hence, the model uses the same mixing and trajectory of
relations, Eq. (2.17) and (2.18), with a change of 1, to
d,, and 1, to d,, respectively, where ’

4, = 1. I,/H ' S o (2.60)
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and

4, = 1Iy/H | (2.61)

In Region 2 the diffuser plume becomes stratified.
Thus, a lateral buoyant spreading motion is superimposed on
the diffusing plune. While using the same dilution and
trajectory equations as before (region 1), it is necessary
to account for the additional spreading. The buoyant
spreading rate is given by the ratio of lateral spreading
velocity to plume centerline velocity u.. Therefore, the
theory of buoyant spreading is used, where instead of using
the velocity current as a dependent variable, the jet
centerline velocity u, is used (Table 3, Holley and Jirka,
- 1986) in the width differential equation, and hence

(db/dx)s = (g‘h/u’cp)"” ' (2.62)
where h is the height (vertical thickness) of diffusing
plume and C, is the drag coefficient (of order unity).

The horlzontal width b, is
b b (HI/Z/l 1/2LD1/6) (57/4 - sl7/4) 2/3 + bhi (2 . 63)

where b, is the initial horizontal at transition s, and b,
is the width constant.

The vertical width is found to be
b, = Sb,H/Sb, (2.64)

which decreases due to restratification.

2.6.3 Buovant Spreading Processes

In the context of this study, buoyant spreading pro-
cesses are defined as the horizontally transverse spreading
of the mixed effluent flow while it is being advected
downstream by the ambient current. Such spreading processes
arise due to the buoyant forces caused by the density
difference of the mixed flow relative to the ambient density

(see Flgure 2. 18)

The buoyant spreadlng phenomena is a far-field m1x1ng
process. . Usually it is preceded by buoyant jet mixing in
the near-field and is followed by passive diffusion, another
far-field mixing process. If the discharge is nonbuoyant,
or weakly buoyant, and the ambient is unstratified, there
-is no buoyant spreadlng region in the far-field, only a
passive diffusion reglon.

Depending on the type of near-field flow and ambient
stratification several types of buoyant spreading may occur:

57




Plan View

i
R
—
ug ™™ |
-'-x
b e
oo
b 3
i
—e= ™ nitial
Condition
Cross-section A-A " Frontai Zone
v S ——
— A U4 47 L7 7
VaZiby (x W o ~Ap Ve,

e
| Aaq "

PANTLNTZ N/ S W SR

Figure 2.18 Buoyant Surface Spreading (Ref.. ﬁoneker:; and
Jirka, 1989). ‘

58




(i) spreading at the water surface, (ii) spreading at the
bottom, (iii) spreading at a sharp internal interface
(pycnocline) with a density jump, or (iv) spreading at the
terminal level in continuously (e.g. linearly) stratified
ambient.

To a major extent the buoyant spreading processes in the
far-field of multiport diffusers are entirely similar to
those for single port discharges. The reader is referred
to Doneker and Jirka (1989) for a complete treatment of
these. |

Separate buoyant spreading processes can occur for
multiport diffusers with parallel alignment when the
continuous buoyant inflow along a long diffuser line gives
a different source condition. This is discussed 1in the
following section for unstratified and linearly stratified
ambients, respectively.

2.6.3.1 surface Density Current Developing Along Diffuser
Line in Parallel Alignment

In contrast to Figure 2.18, a source condition of a
continuous inflow exists along the diffuser 1line whose
starting point is at x = x,. The source flow for one side
of the density current is q, = 0.5S,g, where S, is the final
dilution for the near-field mixing.

The buoyancy conservation equation for the mlxed flow
is adapted from Doneker and Jirka (1989) as

ud(g’bb,)/dx = q.(x) + dx ‘ - (2.65)

where q.(x) is the localized head entrainment at the density
current front, and b, is the lateral half-width.

Neglecting the head entrainment q. relative +to the
inflow q,, and integrating Eg. (2.65)

u,g’bb, = 3,%/2 (2.66)

For constant dilution along the diffuser line, independent
of x, g’ will be replaced by g’,/S;. Benjamin (1967) has
derived an equation for the spreading velocity vy

v/ (g’b,) = 1/C, (2.67)

where C, is a drag coefficient that depends on the relative
depth b,/JH and is in the range of 1/2 to 2. Combining the
boundary condition for the streamline (v, = u,db,/dx) and Eq.
(2.67), yields

u,db,/dx = (g’Jb,/Cp) (2.68)
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Substituting Eq. (2.66) into (2.68), and integrating,. the
flow half-width b, is ‘ . e

by = [(b? + (L/10)%/(26) (¥ - x¥))1% = (2.69)

where %, is the downstream distance at the beginning of the
buoyant spreading region, and b, is the initial density
current half-width. A qualitatively similar result for the
width b, has first been obtained by Roberts (1977).

The vertical b, is given by combining Eqs. (2.69) and
(2.65), to obtain, with appropriate initial conditions at
Xir : o

b, = 8,(1, 1,)*x/2b, + (b,b,/b, - S,(1, 1,)"’x/2b,) (2.70)

2.6,3.2 Internal Density Current Developing Alonq Diffuser
Llne in Parallel Allgnment .

In an ambient stratlflcatlon WJ.th a linear density
gradient, a near-field mixing process may lead to a layer
formation at a terminal level Z, i.e. a mixed current is
produced whose density is equal to the ambient density at
the terminal level. The mixed zone perturbs the ambient
stratification and leads to a lateral spreadlnq while the
flow is being advected downstream.

The spreading velocity v, for the stratified case is ex-
pressed as ‘

v/ (eb)) = 1/(2C;) - (2.71)
where ¢, is the drag coeff1c1ent for the stratlfled case.
Proceeding in the same fashion as in Section 2.5.3.1,
gne obtains the follow1ng result, for horlzontal half-w1dth
h .
by = [y + (2/Cp)(Si(1, 1,) ¥ (x-x2) /41, +
k(x-%)) 1" ‘ (2.72)

and for the vertical thidkness b, is

b, = (5,(1, lm)”z(x—xi)/z + k) /b, : (2.73)
where
k = (bybs; = Si(1l, 1.)"*)x/2) : (2.74)
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' 2.6.3.3 Upstream Intruding Density Wedges Formed in Bounded
Channels

- Multiport diffusers are frequently installed in narrow
channels (rivers or estuaries) in which the diffuser spans
‘a good fraction of the channel width, W, or else the
diffuser mixing capacity is controlled by the available
ambient flow.  In either case, upon completion of the near-
‘field mixing processes, the diffuser plume will interact
with the lateral boundaries of the channhel. Under certain
low ambient velocity conditios (characterized by a densime-
- tric Froude number) a laterally uniform density wedge may
intrude upstream along the bottom, surface/pycnocline, or
in a terminal layer. These possibilities are indicated in
"Figure 2.19. The degree of wedge intrusion is controlled
by interfacial friction along the density wedge.

Two dynamic possibilities for wedge intrusion exist: a)

Jwedges with a critical boundary condition, and b) wedges
with a subcritical boundary condition.

2.6.3.3.1 Density Wedges with Critical Boundary Condition

Referring - to Figure 2.19a and b, assume the maximum
possible near-field dilution 1is controlled by the
ambient/discharge flow ratio

u WH

Sn = N

+ 1 (2.75)

By the mass conservation principle, this dilution cannot
be exceeded in a steady-state mixing process. Thus, if this
predicted dilution within the hydrodynamic mixing zone
(near-field processes) - which do not account for a later-
ally limited ambient water body - indicates a final dilution
value S, that is in excess of S,, then local recirculation
processes will take place in the limited channel, resulting
in a fully mixed downstream flow with dilution equal to S,
and a density p, = p, + Ap./S,.

Upstream density wedge intrusion will occur whenever the
channel densitimetric Froude number
Fop = — (2.76a)
g’.|H
is less than a critical value of about 0.7 (Arita and Jirka,
1987) in which g’, = (Ap,/rp.)g and Ap, = 4p,/S,. Under these
conditions the root of the wedge (at the edge of near-field
mixing zone) will be characterized by a critical depth

h, = (1 - F,®)H (2.76Db)
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The wedge 1ength I, is given for the bottom wedge (see Arita
and. Jirka, 1987) as

- 8 S S g3 4 3 s _ 1
I-'w fl H (20 Fch2 10 Fch +4 Fch 2 ) (2'77)
and for the surface wedge (Bata, 1957) as
1 8a
L = 553 B [21-F) +5 - Fo™)

+ 4a(l + a) (1 - Fo) + 8(a(l+a)’ - Fo) (1 = F,™)

- 8a((1+a)’ - F,) (log a — log(l - a - F.)) 1 (2.78)

in which f = Darcy-Wesbach friction factor, f; = interfacial
friction factor, and a = £/f = 0.5.

2.6.3.3 Density Wedges with subecritical Boundary Conditions

If the diffuser plume (with predicted near-field
dilution S, < S,) is interacting with both lateral bound-
"aries, then a flow away zone is formed with a layer thick-
ness

S, 0

= L X0,
h = S (2.79)
a) For a bottom or surface layer in uniform ambient density
flow, upstream intrusion takes place if the Froude number

F,, = —a ' (2.80)

“hl
' g’y h

in which g’, = (8p/p.)g and Ap, = Bp,/Sy is less than about
unity. ‘

Assuming the layer is sufficiently thin relative to the
water depth, so that the ambient velocity over the wedge is
constant, a simple force balance governs the flow

r, dx = |g’| h, dh, (2.81)

in which r, = interfacial friction = (£f/8) u,’. Integration
of Eqg. (2.80) gives the wedge length for subcritical
conditions, h<h,, as ‘

=4 h ‘ '
L = % Fz (2.82)

b) For a linearly stratified ambient (buoyancy gradient e)

the upstream intrusion of an' internal wedge that is of
uniform internal density is controlled by the Froude number
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F, ., = —_ (2.83)

h2 e

The intrusion is blocked (prevented) for F, > 1 and occurs
for F, < 1. The governing force balance

1, Ax = ¢ h® dh | (2.84)

gives, upon integration,jthe wedge length
8 h
= =2
Lw 3fi Fh22 . . o . (20‘,_,85)

2.6.4 Passive Diffusion Processes

The existing turbulence in the ambient environment
becomes the dominating mixing mechanism at sufficiently
large distances from the discharge point. The intensity of
this passive diffusion process depends upon the geometry of
the ambient shear flow as well as any existing stratifica-
tion. In general, the passively diffusing flow is growing
in width and in thickness (see Figure 2.20).  Furthermore,
it may interact with the channel bottom and/or banks. For
further details on these Processes, the reader is referred
to Doneker and Jirka (1989), as they are independent of
initial source conditions.
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Chapter III
CORMIX2: System Structure and Program Elements

The Cornell Mixing Zone Expert System, Subsystem 2,
(CORMIX2) is a series of software elements for the analysis’
and design of conventional or toxic multiport submerged
buoyant, nonbuoyant, or negatively buoyant pollutant
discharges into unstratified or stratified watercourses,
with empha51s on the geometry and dilution properties of the
initial mixing zone. The cases of both stagnant and flowing
environment are included. This expert system is constructed
and designed as an analysis tool for dlschargers and
regulators. '

The user prov1des CORMIX2 with all the necessary,'
information concerning the ambient environment, and the
discharge characteristics.. In response to this data input,
CORMIX2 supplies detailed information related to the
hydrodynamic mechanisms controlllng the flow, dilution,
geometrlc information concerning the pollutant plume shape
in the ambient flow, and des1gn recommendations and advice
permitting the actual user to improve the effluent mixing
characteristics. Information related to legal mixing zone
dimensions and toxic mixing zone requirements are provided
by CORMIX2 when they are requested by the user. CORMIX2
executes on a MS-DOS computer using an IBM-PC/XT along w1th
a printer, and a hard disk drive.

The obectives of CORMIX2 is to give the user an
understanding in the hydrodynamics of flows. Through
repeated interactive use of the software system, the user
can ultimately gain some knowledge of hydrodynamic mixing
processes.

.
s

3.1 Background on Expert Systems and Logic Programming

CORMIX2 is written in‘two'programming 1anguages: VP~
Expert, an expert systems '"shell", and Fortran.

VP-Expert is an expert systems programming language, or
a '"shell", A shell is a self-contained inference engine
that does not contain the knowledge base, but has facilities
for both forward and backward reasoning, debugglng aids,
consistency checking, input and output menus, - and
explanation facilities. ' i

The reason for us1ng the two programmlng languages lies
in the fact that one is powerful .in knowledge representation
and the other in mathematical computations. The knowledge
base language VP-Expert is very efficient in knowledge
representation and symbolic reasoning; however it 'is less
powerful in numerical computational techniques. On the
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other hand, Fortran 1is effective in mathematical
computations and less efficient in symbolic reasoning.
Hence VP-Expert is used to implement the knowledge
acquisition, the length scale computation, model selection,
and. the analysis of the hydrodynamic simulation. Fortran
is used to carry out computations used in the hydrodynamlc
simulation models. ,

,The knowledge base of an expert system contalns
statements contalnlng facts and if-then rules about facts.
The VP- Expert knowledge base is built from the rules
supplied by the user corresponding to a problem area. .

As explained by Doneker and Jirka (1988), VP-Expert
programs are driven by a "goal" which the program tries to
validate by searchlng the knowledge base to construct a
"proof" by using the facts and rules in the knowledge base
needed to deduce the goal as a valid hypothesis.

All the programs in VP -Expert are constructed based on
rule statements where the rules are stated as: .if
{expression(s) or clauses called the "premise" or ‘"head" of

the rule} - then {an expression or clause named the
"donclusion” or “tail" of the rule} statements. The

structure of a rule can consist of one or more than one

expression linked by and/or statements. An’ example of a

rule statement is :

" IF  site_description <> UNKNOWN and
‘ ambient_conditions <> UNKNOWN and
‘dlscharge_parameters <> UNKNOWN and
mixing_ zones <> UNKNOWN o
THEN parameters_input = known; " [1]

All the conditions have to be met in order to satisfy the
conclusioh statement (parameters__ 1nput) - In other words,
VP-Expert tries to satlsfy all expressions in the premise
of the rule, starting in statement [1] with the first

expression "site_description <> UNKNOWN" (the <> UNKNOWN in’

[1] stands for "not equal to"). If the value of the first
clause is determined, VP- Expert tries to satisfy the next
expres51on "ambient condltlons <> UNKNOWN". If this latter
is satisfied, then VP-Expert will try to meet the remaining

expressions in the rule structure. When all the expressions

are satisfied, the rule succeeds, and hence the conclusion
statement can be given a valuation and is added to the facts
known in the knowledge base.

The way VP-Expert would know the express1oﬂ"of
"s1te ~description" lies in the fact that there is another

rule in the knowledge base related to this subject whlch'

is:
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IF site_name <> UNKNOWN and
discharger_name <> UNKNOWN and
pollutant_name <> UNKNOWN and
design_case <> UNKNOWN

THEN site_description = known; : [2]

The same logical pattern is followed here, but since there
is no present valuation for the expression
"site_description", VP-Expert will locate statements with
the expression "site_description" in its conclusion. If all
the express1ons in [2] can be assigned valuations, then the
expres51on site descrlptlon is a known expreSSLOn.

Within the program there is another rule placed in a form
of an "ASK statement" like

ASK site_name: " Enter a descriptive name for the
discharge location." - [3]

This rule is treated as a "fact", and VP-Expert asks the
user to enter the value of "site name" through the message
within the quotes of statement [3]. The user enters the
value for "site_name" and thus the value for this variable
is known to VP-Expert Next, VP-Expert tries to f£ind the
values for the remainder of statement [2] in a similar
manner. More detailed explanations on the expert systems
logic can be found in Doneker and Jirka (1989)

Thus the knowledge base is built from rules consisting
of expressions that force VP-Expert to seek valuations from
other rules. The process of seeking values for the
expressions continues in a tree-like search until all values
are determined or when the rule is exhausted without finding
a valuation. |

When all the rules have succeeded, a listing of all the
expressions values are saved in a f11e to be loaded for the
next VP-Expert element.

3.2 8tructure of CORMIX2

Figure 3.1 shows the overall structure of the system
elements of CORMIX2. The program elements of CORMIX2 are
composed of DATIN2, PARAM2, CLASS2, HYDRO2, and SUM2.
During system use the elements are loaded automatlcally and
sequentlally by the system. Table 3.1 outlines the
directory structure of CORMIX2 and contalns comments about
program files.
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Table 3.1 CORMIX2 Program File Directories

Directory

Comments

c:\cmx2

c:\cmx2\advice?2

c:\cmx2\bat2

c:\cmx2\cache2

c:\cmx2\dataz2

c:\cmx2\flowdes?2

c:\cmx2\kbs2

c:\cnx2\pgns2

c:\cmx2\sim2

systefn root directory, contains VP-Expert
system files and the knowledge base
program CORMIX2 (system driver)

contalns all user-requested advice files
contains batch files for program
execution, data file manipulation, and

program control

contains cache "fact" files exported from
knowlédge base programs

contains constants used in ~ flow
classification and other knowledge base
programs

contalns flow descriptions for each
flow class

contalns all knowledge base programs

rcontains Fortranihydrodynamlc simulation
and flle manlpulatlon programs.

contains simulation results
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The system runs entirely under the VP-Expert system
shell. The hydrodynamic simulation Fortran program HYDRO2
is executed from the knowledge base program HYDRO2. All
program elements execute sequentially. For example, when
a rule in a program element DATIN2 corresponding to
statement [1] fires, the "cache" of DATIN2 is written to an
external DOS file. The cache is a list of all expressions
within a program element that have been assigned a
valuation. This cache file is read by the next sequential
element in DATIN2, the knowledge base PARAM2, and so on for
‘the remaining program elements.

3.2.1 Data Input Element: DATIN2

DATIN2 is a VP-Expert program element for the entry of
relevant data and for the initialization of the other
program elements. DATIN2 consist of four program segments
or knowledge base sub-elements which execute sequentially.
The knowledge base sub-elements are, in execution order,
ASITE2, AMBIENT2, DISCHAR2, and ZONES2. DATIN2 is the first
program executed, and it is invoked by entering the command
"CORMIX2" at the DOS prompt. ‘

The purpose of DATIN2 is to specify completely the
physical environment of the discharge, as well as legal or
regulatory specifications. The following data groups need
to be entered: general site and case identifier information
(knowledge base ASITE2), ambient conditions (geometry and
hydrography, knowledge base AMBIENT2), discharge conditions
(geometry and discharge fluxes, knowledge base DISCHAR2),
and .information desired including legal mixing zone
definitions and toxic dilution zone criteria (knowledge base
ZONES2) . DATIN2 provides consistency checks, and gives
advice for input parameter selection.

The system assumes a schematic rectangular cross-section
bounded by two banks - or by one bank only for coastal or
other laterally unlimited situations. The user receives
detailed instructions on how to approximate actual cross-
sections that may be quite irregular to fit the rectangular
schematization. The representative schematization with all
relevant hydrodynamic variables that DATIN2 gathers was
given in Figure 2.1.

DATIN2 contains advice on how to enter data values and
rejects inappropriate or incorrect values. The advice
elements of DATIN are listed in Appendix A.of this report.
DATIN2 will also flag unusual design cases. For example,
in the knowledge base sub-element DISCHAR2, if the users
specifies a discharge horizontal angle which is directed
against the ambient current the following message is
displayed:
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"Note that CORMIX2 will not analyse the so-called
counter-flowing discharges (with horizontal angles of
discharge between 135 to 225 degrees). In this case
the discharge momentum opposes the ambient flow
leading to complicated recirculation patterns and
concentration build-ups in the near-field. This
situation is difficult to analyzes and also
constitutes an UNDESIRABLE DESIGN. The user is
advised to re-evaluate the design or to discontinue
the analysis." : [4]

At its termination DATINZ trlggers the next program
element PARAM2.

3.2.2 Parameter COmputatlon- PARAM2

PARAM2 is a VP-Expert program that computes all the
important and relevant physical parameters for the given
discharge case. This includes the momentum flux and the
buoyancy flux per unit dlffuser length (m,, and 7j,), the
various length scales (,, 1., 1y, 17,, 1’,, 1’,) and other
values needed for the program - evaluation. - As PARAM2
executes, the user is notified about important
characteristics of the flow. For example: ‘

"The effluent density (1003.2 kg/m**3) is greater than
the surrounding ambient water density at the dlscharge

level ( 997.3 kg/m**3). Therefore, the effluent is
negatively buoyant and will tend to sink towards the
bottom."

At its termination PARAM2 triggers the next program
element, the knowledge base CLASSZ.

3.2.3 Flow Classification Element: CLASS2

CLASS2 is a VP-Expert program that classifies the given
discharge into one of the many possible flow configurations
that have been presented in Chapter II (Figures 2.7 to 2.9).
CLASS2 contains two program elements, the knowledge base
sub~elements CLASS2 and FLOWDES2. '

The goal of CLASS2 is to find a wvaluation for the
expression "flow_class" in relation to the flow
classification schemne. Each of the possible flow
classification has an alphanumeric label (eg. MU1l, MS1, MNUSs,
etc.). CLASS2 imfputs a cache created by PARAM2 thaL contalns
the length scales and other dynamic variables needed for
flow classification, and uses the knowledge base rules to
assign the appropriate classification to the flow. As ‘an
example of the output from CLASS2, the following would
represent some of the information presented for a dlscharge
trapped by the pycnocllne in a two layer den31ty stratified
environment:
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"The near field flow configuration will have the
-following features:

The specified two layer ambient density stratification
is dynamically important. The discharge near field flow
will be confined to the lower layer by the ambient
density stratification. Furthermore, it is trapped in
the lower layer by the ambient density jump at the
pycnocline.

'The following conclusion on the flow configuration
applies to the lower layer only of the specified ambient
stratification condition B.

. Note that the lower layer will be overlaid by the

~ surface layer of the ambient density stratification.
The surface layer will remain undisturbed by the near
field discharge flow (with the exception of some
possible intrusion along the pycnocline)

' The flow class is MUl for the'design case represented
by the DOS file name EXAMPLE."

A detailed hydrodynamic description of the flow is
available to the user in the knowledge base sub-element
FLOWDES2. This detailed output includes a description of
the significant near field mixing processes, or the
hydrodynamic mixing 2zone (HMZ). For an example, the
description for flow class MUl appears in Figure 3.2. The
flow description of all the classes are presented in
Appendix B. Typically, the HMZ is the region of strong
initial mixing where the particular design of the outfall
can have an effect on initial dilution. The HMZ is defined
to give additional information as an aid to understanding
mixing processes and to distinguish it from purely legal
mixing zone definitions. CLASS2 also creates a cache output
file that supplies the next CORMIX2 element HYDRO2 with
instructions for running the appropriate simulation. At
its termination CLASS2 triggers the next program element
HYDRO2Z2.

3.2.4 szrodynamic,simulation Element: HYDRO2

HYDRO2 is a Fortran program which executes the
hydrodynamic simulation program for the flow classification
program specified in CLASS2. The elements of the simulation
program are based on the hydrodynamic theory discussed in
the Chapter II and in more detail in Chapter IV.

The program HYDRO2 contains control programs or
"protocols" corresponding to each hyd;oqynapic flow
classification (MU1l, MU2, MS1, etc.) as specified in CLASS2.
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*%%* BEGINNING OF FLOW CLASS DESCRIPTION *%%*
FLOW CLASS MU1V

The discharge configuration is hydrodynamically "stable",
that is the discharge strength (measured by its momentum
flux) is weak in relation to the layer depth and in relation
to the stabilizing effect of the discharge buoyancy
(measured by its buoyancy flux). The buoyancy effect is
very strong in the present case.

The following flow zones exist:

1) Momentum-dominated near-field slot (2-D) jet: The flow
issuing from the equivalent slot diffuser is initially
dominated by the effluent momentum (jet-like) and is weakly
deflected by the ambient current.

2) Buoyancy-dominated (2-D) plume: After some distance the
discharge buoyancy becomes the dominating factor
(plume-like). The plume /deflection by the ambient current
is still weak.

3) Layer boundary impingement/upstream spreading: The weakly
bent jet/plume impinges on the layer boundary (water surface
or pycnocline) at a near-vertical angle. After impingement
the flow spreads in all directions (more or less radially)
along the layer boundary. In particular, the flow spreads
some distance upstream . against the ambient flow, and
laterally across the ambient flow. This spreading is
dominated by the strong buoyancy of the discharge in which
strong initial mixing takes place.

*%% The zones listed above constitute the HYDRODYNAMIC
MIXTING ZONE #*%%

4) Buoyant spreading at layer boundary: The plume spreads
laterally along the layer boundary (surface or Pycnocline)
while it is being advected by the ambient current. The

plume thickness may decrease during this phase. The mixing
rate is relatively small. The plume may interact with a
nearby bank or shoreline.

5) Passive ambient mixing: After some distance the
background turbulence in the ambient shear flow becomes the
dominating mixing mechanism. The passive plume is growing
in depth and in width. The plume may interact with the
channel bottom and/or banks.

Figure 3.2 Example of Flow Description
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**% Predictions will be terminated in zone 4 or 5 depending
on the definitions of the LEGAL MIXING ZONE or the REGION
OF INTEREST. *%%*

~ SPECIAL CASE: If the ambient is stagnant, then advection
.and diffusion by the ambient flow (zones 4 and 5) cannot be
. considered. The mixing is limited to the hydrodynamic
mixing zone (zones 1 to 3) and the predictions will be

. terminated at this stage. -

Such stagnant water predictions may be a useful initial
mixing indicator for a given site and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
. magnitude- should be considered.

#%% END OF FLOW CLASS DESCRIPTION FILE **%*

Figure 3.2 (Continued)
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Each protocol executes a series of subroutines or "modules"
corresponding to the flow phenomena (e.g. weakly deflected
jet in crossflow, buoyant spreading, unidirectional diffuser
acceleration zone, surface interaction modules, buoyant
spreading, etc.) which may occur in that flow configuration.
Hence transition rules '‘are needed to give the spacial
expressions as to where each flow region ends. Each
subsequent flow region is given by the initial values
corresponding to the final values of the preceding flow
zZone. More detailed ' explanations on ‘protocols and
transition rules are discussed in Chapter IV. o

HYDRO2 creates a tabular output file of the simulation
containing information on.geometry (trajectory, width, etc.)
and mixing (dilution, concentration). The user has the
option to view the tabular output file.

At its termination HYDRO2 triggers the final program
element SUM2. ‘

3.2.5 Summary Element: SUM2

SUM2 is a VP-Expert program that summarizes the
hydrodynamic simulation results for the case under
consideration. SUM2 discusses the mixing properties,
determines the applicability of the legal mixing zone, and
suggests the possible design alternatives to improve the
mixing characteristics. Thus, SUM2 may be used as an
interactive loop to guide the user back to DATIN2 to alter
the design variables. !

The output of SUM2 is divided into four parts which are:
the site description summary, the hydrodynamic simulation
summary, the analysis of 'the data, and finally the design
advices and recommendations. All the information related
to the site identifier, the ambient and discharge
characteristics data, and the various discharge 1length
scales are listed in the site description summary.

The hydrodynamic simulation summary includes the
conditions related to the hydrodynamic mixing zone, legal
mixing zone conditions, toxic dilution zone conditions,
region of interest criteria, information about upstream
intrusion, bank attachment locations, and a passive
diffusion mixing summary, depending if the preceding
properties occur. The data analysis part includes detailed
information about the toxic dilution zone criteria, the
legal mixing zone criteria, and the region of interest
criteria. The last part deals with design recommendations
where design suggestions-and advice are given for improving
the mixing ©properties. The design recommendation
information is listed in Appendix C. . ‘
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At the completion of SUM2, the user is given the option
to exit to DOS, start a new design example, or modify the
discharge and mixing zone data for the design case under
consideration using the same general ambient data base. ’

Depending on the computer configuration, a  typical
CORMIX2 session for one discharge/environment condition may
take about 5 minutes for an advanced 80386~based computer
to 20 minutes for an IBM-PC/XT, if all necessary input data
is at hand. , =
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Chapter IV
CORMIX2: Flow Protocols and Simulation Modules

This chapter covers the hydrodynamlc details of the
effluent flow predictions and mixing 2zone analysis as
performed in program element HYDRO2 of the expert system
CORMIX2.

This chapter begins by presenting the detailed flow
protocols for each of the 32 flow classes defined in program
element CLASS2 (see Section 2.5). The actual prediction
modules for each flow 2zone, including near-field,
intermediate-field, and far-field processes are discussed
in Section 4.2. Finally, in Section 4.3 the appropriate
transition criteria that define spatial extent of each flow
zone (module) are presented, along with constants used in
the flow classification and simulation modules.

4.1 Flow Protocols

The prediction of effluent flow and the related mixing
zone in the program element HYDRO2 is carried out by
appropriate flow modules that are executed according to a
protocol that pertains to each distinct flow configuration
as determined by the classification scheme CLASS2..

CORMIX2 contains 32 separate flow modules that apply to
each of the diverse mixing processes that occur in the near-
and far-field of an effluent discharge. The physical
background of these mixing processes has been discussed in
Chapter II. Table 4.1 summarizes the flow modules. A
detailed description of each module is given in Section 4.2.

The sequence of module execution is governed by a flow
protocol for each flow class. These flow protocols have
been constructed on the basis of the same arguments that
have been presented in Chapter II to .develop the flow
classification. Detailed flow protocols for each flow class
are presented in the following sub-section with extended
explanations on their formulatlon.

The spatial extent of each flow module is governed by
transition rules. These determine transitions between
different near-field, and far-field mixing reqlons, and
distances to boundary interaction. Section 4.3 gives a
detailed summary of the transition rules.
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Table 4.1

 Flow Prediction Modules of CORMIX2

Module Description

(MOD)
Simulation Modules for Buoyant Multiport
Diffusers: Subsurface Near-Field Flows

201 discharge module

202 discharge (staged diffuser)

211 weakly deflected plane jet in crossflow

212 weakly deflected (3-D) wall jet in crossflow

213 near-vertical plane jet in linear stratification

214 near-horizontal plane jet in linear stratification

216 strongly deflected plane jet in crossflow

218 weakly deflected (2-D) wall jet in crossflow

221 weakly deflected plane plume in crosssflow

222 strongly deflected plane plume in crossflow

224 negatively buoyant line plume
Simulation Modules for Unstable Multiport
Diffusers: Mixed Near-Field Flows

271 acceleration 2zone for unidirectional co—floﬁing
diffuser

272 acceleration zone for unidirectional cross-flowing
diffuser (tee)

273 unidirectional cross-flowing diffuser (tee) in
strong current

274 acceleration zone for staged diffuser

2?5 rstaged perpendicular diffuser in strong current
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Table 4.1 (continued)

Module Description

(MOD)

277 alternating perpendlcular dlffuser in unstable
near-field zone

279 negatively buoyant staged acceleration zone
Simulation Modules for Boundary Interaction
Processes for Stable Multiport Diffusers

232 near-vertical surface/bottom impingement with
buoyant upstream spreading

234 near—vertlcalsurface/bottom1mp1ngement upstream
spreading, vertical mixing, and  buoyant
restratification

235 near-horizontalSurface/bottom/pycnoclineapproach

236 terminal layer stratified impingement/upstream
spreading

237 terminal layer injection/upstream spreading

238 negatively buoyant diffuser (3-D) in strong current
Simulation Modules for Unstable Multiport
Diffusers: Intermediate Field Flows

251 diffuser plume in co-flow

252 diffuser plume in weak crossflow
Simulation Modules for Buovant Spreading Processes

241 buoyant layer spreading in uniform ambient

242 buoyant spreading in linearly stratified ambient

243 density current developlng along parallel dlffuser
line

244 internal density current developing along parallel
diffuser line

245 diffuser induced bottom density current
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‘Table 4.1 (continued)

Module Description
(MOD)

Simulation Modules for Ambient Diffusion Processes

261 passive diffusion in uniform ambient

262 passive diffusion in linearly stratified
~ambient

Simulation Module for Density Weddges in Bounded
Channel .

281 Bottom/surface/internal density wedge




4.1.1 Flow Protocols for Buoyant Dlscharges into Uniform
Ambient Layers (Flow Class MU) -

The classification scheme discussed in Section 2.5.1.3
with its associated criteria (see Figure 2.9) already gives
an indication of which flow processes will occur for each
of the flow classes, and hence which sequence of flow
modules is necessary for simulation.

In some cases, some of the modules present in the
protocol will not be used due to special circumstances
related to discharge or ambient characteristics. For
example, for a non-buoyant dlscharge, the buoyant spreading
regime (MOD241) will be absent in ' the applicable flow
classes (MU2 to MU9), or in the case of a stagnant ambient
environment, the buoyant spreading regime (MOD2 41) and the
passive dlffu51on zone (MOD261) will be absent in the
applicable flow classes (MUl, MU2, MU3, MU5, MU7, MUS, and
MU9). The flow protocols for the buoyant dlscharge cases
are listed in Table 4. 2.

4.1.2 Flow Protocols for Negatively Buovant Dlscharqes into
Uniform Ambient Layers (Flow Classes MNU)

The flow protocols for negatively buoyant discharges
into uniform ambient 1ayers, corresponding to the flow
classes MNU as discussed in Section 2.5.1.4 and illustrated
in Figure 2.10, are listed in Table 4.3. Some of the
unstable discharge protocols bear some resemblance to those
‘for positively buoyant discharges except for bottom re-
stratification and buoyant spreading in the far-field. This
is reflected in different transition criteria.

In the cases of stable discharges, boundary interaction
interrupts the sequence of flow regions. When boundary
interaction occurs, the sequence will change to include the
appropriate boundary interaction effect and then continue
as a surface far-field flow. :

4.1.3 Flow Protocols for Discharges Trapped in Linearl

Stratified Ambients (Flow Class MS)

Table 4.4 summarizes the protocols for the eight flow
classes MS (refer to Section 2.5.1.2 and Figure 2. 8) in
which the ambient stratification causes an internal trapping
of the effluent flow leading to a terminal layer formation
and subsequent far-field processes. All stratification
dominated flows (see Fig. 2.8) use spe01al modules that
account for the ambient stratification in the initial jet
or plume phases of the flow.
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‘Table 4.2 ~ Flow Protocols (MU) for  Buoyant Discharges

into Uniform Ambient Layers

83

- Flow Class Module . Transition
. MUlv- el . . 201
0
211
1
221
6
. 232
HMZ - - - 0
241 :
7
261
MU1lH 201
’ 0
211
1
222 v
6
235 or 243
- - - - - 0 or 38
241 : ,
7
261
MU2 201 :
-0
271
21
251
- - - 31
241
~
261
.
MU3 201
, 0
272
, 21
.252 L
o - - - 32
L , 241 ;
: , | -
261




(Continued)‘

Table 4.2
Flow Class Module Transition
MU4 201
‘ 0
273
- - - 0
241
_ 7
261
MU5 202
0
274
22
252
- - - 32
241
‘ 7
261
MU6 202
0
275
- - - 0
241
‘ 7
261
MU7 202
0
274
22
251
- - - 31
241
* 7
261
MUs 201
1 0
277 or 234
--- = - - 0
241
‘ 7
261
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Table 4.2  (Continued)

Flow Class Module Transition

MU9 201
0
243 or 234
------ 38 or 0
241
7
261
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Table 4.3 Flow Protocols (MNU) for Negatively Buoyant
Discharges  into Uniform Ambient Layers

Flow Class Module Transition
MNU1 201
. 0
224
‘ 0
232
HMZ - = - ‘ 0
241
7
261
MNU2 201
i 0
211
2
216
: 3
222
: 15
235 or 243 .
------ : 0 or 38
241
7
261
MNU3 201
‘ 0
218
‘ 43
245
- 51
241
7
261
MNU4 201
o
238
- = - 0
241
! 7
261
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261

. Table 4.3 ~ {Continued)
Flow Class Module Transition
MNUS 202
T ; 0
279
v 22
212
45
245
- - - 51
241
7
261
MNU&6 202
0
238
- - - 0
241
: 7
261
MNU7 201
0
271
21
251
- - - 31
241
7
261
MNUS8 201
v 0
272
21
252
- - = 32
241
7




Table 4.3 (Continued)
Flow Class Module Transition
MNU9 201
0
273
- - - 0
241
‘ 7.
261
MNUIlO0 202
: 0
274
‘ 22
252
--- 32
241
‘ 7
26;.
MNU11 202
: 0
275
- _i -— O
241 ‘
7
261
MNU12 202
l 0
274
‘ 22
251
- - - 31
241
' 7
261
MNU13 201
! (0]
277 or: 234
- e wm de e - 0
241
? 7
261
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Table 4.3 (Continued)

Flow Class Module Transition
MNU14 , 201
0
243 or 234
38 or O
241
7
261
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Table 4.4 Flow Protocols (MS) for Discharges Trapped in
Linearly Stratified Ambients : o

Flow Class Module Transition
MS1 201
0
211
2.
216
10
235
HMZ - - = 0
242
11
262 '
MS2 201
‘ 0
211
2
216
‘ 0
244
- - - 39
242
11
262
MS3 201
‘ 0
213
3 12
236
- - - 10
242
11
262
MS4 201
‘ (0]
214
13
237
- - 4 0
242 '
11
262
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Table 4.4

(Continued)

91

Flow Class Module Transition
"MS5 201
0
222
14
235
- - - 0
242
11
262
MSé 201
0
222
14
244
- - - 39
242
11
262
MS7 201
0
221
16
236
- - - 0
242
11
262
MS8 201
0
211
1
221
16
236
- - - 0
242
11
262




For instance, in stratification dominated flows (classes
MS3 and MS4), the weakly deflected module (MODle) will be
replaced by its stratified counterpart, MOD213, before
terminal layer interaction. '

When terminal layer interaction occurs the normal
sequence of flow regions is interrupted, and the sequence
will change to include the appropriate terminal layer
interaction in Section’ 2.5.1.2 and then contlnue as an
internal layer far-field flow.

4.2 Hydrodynamic Simulation Modules

This section presents all the details related for each
of the modules 1listed: in Table 4.1 which provide the
predictive element for ia particular mixing process. The
modules are grouped in the different flow phases (from near-
field to far-field) as 1ndlcated in Table 4.1

There are two types[of flow modules:

i) The continuous types describe the evolution of a flow
process along a trajectory. Dependlng on user input, a
small or large step interval can be used to obtain flow and
mixing information along that trajectory.

ii) The control volume type uses a control volume
approach to describe outflow values as a function of inflow
values and based on conservation principles. For either
type, the beginning values are denoted by the subscript "i"
(e.g. S; is beginning dllutlon) and final values are denoted
by the subscrlpt "£" (e.g. b, is the final flow half-width).

4.2.1 Simulation Modules for Buovant Multiport Dxffusers-
Subsurface Near-Field Flows

4.2.1.1 Introductory'COmments

The flow equatlonsiln this module group describe the
trajectory (x,y,z) of the jet/plume centerline and provide
values along that trajectory for the flow half-width b, the
local concentration c, and the local dilution S.

If a cross-section is made through the subsurface
multiport diffuser plume, it will exhibit an approx1mately
rectangular shape. The length of the rectangle is given by
the diffuser length (neglecting diffusion at both "edges"
of the plume). The width of the rectangle is measured by
twice its transverse half-width b. - The half-width b is
defined here as the "1/e width" as a typical convention for
Gaussian jet-like profiles (see for example, Holley and
Jirka, 1986). Thus, b is the half-width of the. jet/plume
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- flow where the local concentration is 1/e, or 37%, of the
centerline concentration. Since alternate width definitions

are sometimes used 1in pollution analysis, the width

definition when multiplied by 0.83 gives the 50% width, by

1722 = 0.71 gives the standard deviation (61% width), and
by 22 = 1.41 gives the 14% width, respectively.

The local concentration in this group of modules refers
to the maximum centerline concentration c, at the jet/plume
centerline. Thus, the correspondlng d11ut10n refers to the
minimum dilution cwh: in which ¢, is the initial discharge
concentration. It is important to keep in mind these flow
definitions since they differ, in general, from those found
in modules for subsequent flow zones. These differences are
unavoidable due to different profile shapes for the effluent
" flow distribution governed by the various mixing processes.

, In CORMIX2 a global Cartesian coordinate system (x, y,z)
is placed at the bottom of the water body with the origin
(0,0,0) at the half-way point and directly below the center
of the multiport diffuser discharge. The height of the
dlscharge orifices above the bottom is h,. The positive x-
axis is located at the bottom and directed in the downstream
direction following the ambient flow. The positive y-axis
is located at the bottom and points to the left, normal to
the ambient flow direction (x-axis).. The pos1t1ve z—-axis
p01nts vertically upward. The angle between the discharge
axis y* and its projection on the horizontal plane (y**)

~(i.e. the discharge angle above horizontal) is 4. The
discharge—qrossflow angle ¢ is the angle between y** and the
x-axis (¢ = 0 for co-flowing discharges, ¢ = 180 for

counter- flow1ng discharges) measured counter-clockwise from
the x~axis. The alignment angle y is the angle between the
diffuser axis in the x-y plane and the x-axis (y = 0° for
parallel .alignment, 4 = 90° for perpendlcular alignment)
measured counter-clockwise from the x-axis. The orlentatlon
angle of the diffuser dlscharge B is the angle between the
y** and the diffuser axis (8 = 0° for a staged diffuser, 8
= 90° for a unidirectional diffuser).

, A prlmed coordinate system, (x’,y’,z’), within a given

flow region is spec1f1ed with respect to the virtual source
" for that flow region. A virtual source is needed for each
flow region because the perturbation analyses used in each
module assume a point discharge source, which is physically
unrealistic. The primed coordinate system is related to the
. global coordinate by :

(x,¥,2) = (X',Y’,Z’) + (%, Yvr Z) (4.1)

where (%,,Y.,2,) is the global p051t10n of the virtual source
for that flow region. The position of the virtual source
(%X,,Y.,2,) 1is computed by taking the known flow solution at
the transition, as given from the prev1ous flow region, and
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back calculating the source position using the dilution
equation for the given flow region.

In general, the analysis is extended to non-vertical
three-dimensional trajectories within the ambient crossflow.
A supplementary transverse coordinate 5 is defined here in
a plane given by the z-axis and the projection of y* onto
the z-y plane. Any vertical motion of the jet flow is
controlled by the vertical component of the discharge
momentum flux per diffuser length as well as the buoyancy
flux per diffuser length (which always acts vertically).
The transverse (horizontal) motion of the jet flow is solely
controlled by the horizontal component of the discharge
momentum flux per diffuger length.

Defining « as the angle between the discharge axis y*
and the crossflow (x-axis), and the angle § between the
projection of y* on the vertical yz-plane (transverse
coordinate 5) and the x-axis the relationships are

a = sin'(1 - coszocos;.za)”2 ' (4.2)

§ = tan'(tand/sino) (4.3)

where 6 and ¢ are the discharge angles.

4.2.1.2 Discharge Module (MOD201).

This module begins every flow sequence. In the module
the flow is converted from a uniform velocity distribution
to a Gaussian profile, with equivalent momentum flux. The
representative final flow width b, from the discharge
module ‘ 2

b, = B(2/x)"* (4.4)

where B is the slot jet width defined earlier. No dilution
is assumed to occur, so that S, = 1.0 and ¢, = ¢,, where 8§,
is final dilution and c¢,'and ¢, are the final and discharge
concentrations, respectively. The final x- and y-coordinate
are 0, but z, = h,. ‘

4.2.1.3 Weakly Deflected Plane Jet In Crossflow (MOD21i)

The results for the mdnf presented in Section 2.6.1.1.3
are extended to include the general 3-D trajectory. For a
cross-flowing discharge (a > 45°) the trajectory is a
function of 5 as the independent variable. Writing the
trajectory equations in the virtual coordinate system in
terms of the supplemental coordinate n gives the crossflow
induced deflection
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%’ = p’cota + n'*sin'’a/ (T,1,") 7 (4.5)
where T, is the trajectory constant for the weakly deflected
jet.  The expression for the transverse coordinate y is
simply | T ' '

'y’ = n’coss ' (4.6)

, The vertical coordinate, however, experiences an
‘additional’perturbation due to buoyant deflection, or

'z’ = p’sins + TTlln’S/ZSignJo/(1M3/2sin5/2a) | (4.7)
" ‘where TT, is a constant for the buoyancy correction, and
signJ, is equal to +1 for a positively buoyant discharge and
~ is equal to -1 for a negatively buoyant discharge.

The flow width is

b =‘Buﬁ'/sina (4.8)
where B, is a width constant. The dilution is expressed as

s = 8,1’/ (1, /*sin'a) (4.9)
where S, is the dilution constant.

If the discharge ié co-flowing (a < 45°), the simulation

should step in x as the primary independent coordinate and
the trajectory, width and dilution relationships are '

2! = ﬁ(éin6'+‘TTux”msiganlgmcosﬂ%) | (4.10)
n! = x'tana - x"*sina/ (T,1,*cosa (4.11)
b = B,;x’/cosa (4.12)
s = s,x'"*/ (1, ’cos"a) (4.13)

. 4.2.1.4 Weakly Deflectedu (3-D) Wall Jet in Crossflow
(MOD212) : .

In this flow region unequal entrainment and spreading
will be neglected in directions parallel and normal to the
boundary wall. The attached flow has a horizontal momentum
flux M, two times the discharge momentum flux M, to account
for the mirror image of the attached flow with the bottom
symmetry plane, so the horizontal wall momentum flux M, =-
2M,cosf. This assumption also results in Q, = 2Q,.

For a,cross—flowingvdiSCharge (¢ > 45°), the trajectory
equations for y’ in terms of x! (z = 0 for the attached
case) becomes ’
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Y’ = T,(2cosd) L, (%’ - y’coto)? - (4.14)

where T, is a trajectory constant. The width and dilution
are given by

b

B,y’/sine | , (4.15)
§ = 8uy’ (cos6/2)"*/ (L;sino) : (4.16)

respectively, where B, a width constant, S, is a dilution
constant, and L, is the three-dimensional discharge/jet
length scale (Table 2.1). A similar equation system holds
for the co-flowing wall jet (3-D) (o < 45°). in analogy to
the free jet (see Section 5.2.1.2, Doneker and Jirka, 1989).

4.2.1

-]
MOD218

Weakly Deflected (2-D) wall Jet in Crossflow

Similar behavior as for the 3-D Ijet (MOD212) is
considered here. The attached flow has a horizontal momentum
flux m, two times the discharge momentum flux m, to account
for the half width of the attached flow with the bottom
symmetry plane, so the horizontal wall momentum flux n, =
2m,cosf. This assumption also results in d., = 2q,.

For a cross-flowing discharge (c > 45°), the trajectory
equation for y’ in terms of x’ (z = 0 for the attached case)
becomes .

Yy’ = Tu(2cosf/sing)’1,*(x’ - y’cots)?? : (4.17)

where T, is a trajectory ‘constant. The width and dilution
are given by

b = B,y’/sine | ‘ . (4.18)
S = Smy“”(ZCosa/sina)m/l;” (4.19)
respectively, where B, is a width constant, and S, is a
dilution constant. A similar equation system holds for the

co-flowing wall jet (2-D) (o0 < 45°) in analogy to the mdnf
(¢ £ 45°) jet (see Section 4.2.1.3). '

4.2.1.6 Near-Vertical Plane Jet in Linear Stratification

MOD213

For Jjets issued néarfvertically, into "a' density
stratified environment, ‘o is greater than 45° so the
coordinates of the flow in the virtual coordinate system
are given in first order by a straight line trajectory
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x! = p’cota o : (4.20)

Y'
z’ = p’siné | (4.22)

n!cosé ‘ ‘ ‘ ‘ ' (4.21)

.reSpectively. The width and dilution are expressedlas

b Bun’//sina (4.23)

S = Sun’"*(1-Sp.sin®n’?/17 >sin’a) /1. © (4.24)
Tréépectivély, where Bm‘is a width‘constant, and S andfs13A

are dilution constants. For the physical background, see
Section 2.6.1.2.1. ,

4.2.1.7 Near-Horizontal Plane Jet in Linear Stratification

(MOD214)

. Thé simulation of this module (occurring in flow class
'.MS4) is limited to the co-flowing design, with a« less than
- 45°. The coordlnates of the flow in the virtual coordlnate
j'system are. given by

z? = p’siné | ' (4.25)

y’ = n’coss | '  (4.26)
The width and dilution are given by o

b = B,x’/cosa ' (4.27)

S = §,x'"/1 Vcos ' - (4;28)

where B, and S, are the width and dilution constants
respectively.

4.2.1.8 Strongly Deflected Plane Jet in Crossflow (MOD216)

vInz"th‘e mdf‘f, the primary variable is x’ due to the
crossflow advection. The trajectory equations are

z’! = n’siné ' ' (4.29)
n! = Tl,’sin'%ex’' o T (4.30)

where T, is the trajectory constant. The y-coordinate is
51m11ar to that for a weakly deflected jet in a crossflow.

The w1dth and dilution of the flow are glvenvby.

b = By’ | (4.31)
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S = S’/ (Lal) " | ,. (4.32)

where B, and S, are the width and dilution constants
respectively.

4.2.1.9 Weakly and Strongly Deflected Plane Plume in

Crosgsflow (MOD221 and MOD222)

As mentioned in Section 2. 6 1.1, 5 in order to decide
if the flow has a flat or steep llnear trajectory, one can
use a criterion j,/u.’ > or < C, where C, is a constant.

For a weakly deflected plume (MOD221, ij./u} > Cm)Athe
trajectory coordinates are a generallzatlon of the
perturbation solutions presented in Section 2.6.1.1.5. With
z’ as the primary coordlnate the trajectory equatlons are

x! = z'L/T,1 " +
(TTylycosd + TT,zl,coséln(z’/21,,)coso '_ (4.33)
y’' = T,1 cossinex’* + o | ’
(TT.1cos8 + TTyplycosiln(z’ /21y)sino ' ‘(4.34)
where T, 1is a trajectory constant, TT,, and. TT, are
momentum correction coeff1c1ents. Wldth and dilution are
given by . : e
b = B,z’ | | K(4.35)
S = Syz’/(1,1)" ' o .7 (4:36)

respectlvely, where B, is a width constant andism.ié‘a
dilution constant. » . ’ :

The strongly deflected plume (MOD222 O/u < Cn)
trajectory coordinates, written in the v1rtua1 coordlnate
system as a function of z’, are . »

P
- - -

X! = 2/ LT, - E |
(TT,, L cosf +-TI@BlMcoséln(af/TT21C21M)coSU : ;-:(4.37)
y! = Tnl‘”cos”@s1n/ax'”27+’ ' N | o
(TT,, 1l cos8 + TTmJMcosaln(z’/TT21CZl )51na“ (4.38)

where T, is a constant.

Width is given by




b = B,z’ (4.39)
where B, is a constant, and the dilution by
S = 5,z'/(1,1)" . .{4.40)

where S, is a constant

4.2.1.10 Negatively Buoyant Line Plume (MOD224)

“In thisv module, a control volume approach is Vused.
Assuming that the line plume will travel up to a distance
1,, vertically, and assuming the same dilution S as in MOD221
(Eqg.-2.32) with 2’ replaced by 1,,, the final dilution is

8, = 8,1,/ /1}" . (4.43)
Similariy the final width becomes

b, = B,l, | (4.44)

where S, differs from S, by a recirculation factor R, S, =
S, /R, with R = 2, and B, = B,.

Here the final distance x- coordinate for the plume is
%X, = lycosy/2 . (4.45)

. and both y, and z, are zero due to the fall-back of the plume
to the bottom.

4.2.2 Simulation Modules for Unstable Multiport Diffusers:
Mixed Near-Field Flows ‘

The flow equations in this module group describe
vertically fully mixed (over the applicable layer depth H)
diffuser plumes. The horizontal trajectory position (x,Yy)
of - the  plume centerline is calculated as well as the
horizontal half-width b,, the minimum - centerline
concentration c, and the corresponding centerline dilution
S. Except where noted, the local half-width is defined by
the "1/e width" of a Gaussian plume (for width conventions
see .Section 4.,2.1.1). The vertical thickness b, of the
plume is, of course, equal to the layer height H,. The 2z~
coordinate of the flow is arbitrarily placed at the top of
the layer H,, with the exception of MOD279.




4.2.2.1 Acceleration Zone for Un1d1rect10na1 CO—FloW1nq
Diffugser (MOD271) . .

This region begins after MOD101 (see Section 4.2.1.2)
with an initial value of b, equal to L,/2. The flow is
analysed in the x-y plane, with y~ as the 1ndependent
variable. The straight line trajectory equatlons in the
virtual coordinate system are

y’ = y'sine . (4.46)

X!/ = y"CQSa -(4'47)

b

The dilution is constant throughout the acceleratlon
zone and is

S = H,sin7/2(lmlq)1/2 +

((H’sin’y + 2H1,)/1,1)" S  (4.48)

N

and the horizontal half-width b, as a function of y” is

b, = Ip/2 [0, + (1 = 0;) exp(-3%x (1 + x7))] | (4.49)
where: | |

x = 2x/L, S : SRR (4.50)
and | | ) ‘ o

o, = (8(1./1,)’siny + {0.5)/(S(1m/i(;)’1/2ein‘y + 1) | (4.51)

Strlctly speaking, the lateral flow profile gradually

evolves in the acceleratlon zone of the unidirectional -

diffuser from an initiali top-hat profile- just’ downstream
from the diffuser line to a final Gaussian proflle (see Lee
and Jirka, 1980). :

4.2.2.2 Acceleration Zone for Un1d1rect10na1 Crass-Flow1n
Diffuser (Tee) (MOD272) {

The same procedure as ‘the prev1ous section is followed
and hence the equations used in MOD271 are used here, w1th
an additional shoreline proximity influence (see Section
2.6.2.1.2). Thus, in case of having a discharge location
X, less than the actual diffuser length I1,, the dilution is
reduced by an exponential influence factor as follows

S =8, (1 - exp(—snxs/iLD))* 7 (4452)

where S; is a constant and §', represents the dilution value
given by Eg. (4.48). 100
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4.2.2.3 Unidirectional Cross-Flowing Diffuser (Tee) in
" 8trong Current (MOD273) o I

_ A control volume approach is used in this module. The
dilution S of Egq. (4.48) is reduced by the factor r, (see
Eq. 2.51) to obtain S, for MOD273 ‘
S, = (Hsiny/2(1,1)"" + ((H’sin’y + 2H]1,)/1, 1))
(1 + S5Hsin’y/1,)™? (4.53)
. Again the same procedure as before is used for shorellne
interaction, where Eq. (4.53) is reduced by an exponentlal
influence factor if x, < Ly.

The horizontal half-width, based on d, (see Section
2.6.2.4), is

‘b, = d,8inc/2 o (4.54)

and the final x-, and y- coordinates are

%, = LpCcosc/2 ' o (4.55)

y, = d,sing/2 | v | '  (4.56)

4.2.2.4 Acceleration Zone for Staged Diffuser (MOD274)

This zone begins after a special discharge module MOD202
for the staged diffusers. The only difference to MOD201 is
that the final x- and y- coordinates are

¥, = =Lpcoso/2 - : e "A - (4.57)

v, = -Lysins/2 | ‘" B - (4.58)
in order to adaét'to the staged Qéométry5
Hence, the equations for the trajectory are

y =y, + y'sino . ' S (4.59)

X = % + y coso - o o (4.60)

The dilution S’isﬂconstaﬁt»in this region

§ = 8, ((Ln 10" - cosmH/ (L, 10" (4.61)

and the horizontal half-width is

b, = (B, + 0.5 tan ﬂ)y" - : o - ,(4"62)




where both S, and B, are constants.

4.2.2,.5 Staged Pergendlcular Diffuser in strong Current
(MODZ?S)

A control volume approach is used in this mode similar
to MOD273. The same equations are used as in MOD273 with
the exception of having the angle ¢ replaced by v in Egs.
(4.54 to 4.56). The final dilution equation is ‘

S = S,(H/1)"*(1 + z.z;Hssin_’y/lm) ZEE - (4.63)

Shoreline proximity does, not apply in this case.

4.2.2.6 Alternating Perpendlcular Diffuser in Unstable Near-
Field Zone (MOD277)

A control volume approach is used in this module, where
the final y- coordinate is zero, and the final x,coordlnate
is as follows

%, = (Ipcosy + 5H)/2 k S (4.64)
The final dilution is

S = H,/((0.251, + 1Msiﬁzy)/1M1m1q) e \ : (4.65)
and the final horizontal width is

b, = (Lpsiny + SH,)/2 ‘ , . . (4.66)

4.2.2.7 Negatively Buoyant Staged Acceleration Zone (MOD279

A three-dimensional diffuser plume develops along the
staged diffuser axis.

The following module equations are similar to those
developed by Lee (1980).

The dilution increases along the diffuser axis as
S = Sx(y /1)" : ‘ _ (4.67)
the thickness as
= B, y" | . (4.68)
and the horizontal width as

b, = (Bp + 0.5 tan g)y" | (4.69)
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The trajectory coordinates are similar to those of
MOD274.

4.2.3 Simulation Modules for Boundary Interaction Processes
for Stable Multiport Diffusers '

When the flow interacts with a boundary such as the
surface, bottom, or pycnocline density jump, an appropriate
interaction module will be used to describe the process. The
only difference is the centerline height of the flow as well
as any hydrostatic adjustment process for pycnocline flows
(see Section 2.23 Doneker and Jirka, 1990). '

~ In all of these modules a control volume approach is
~used. ‘Generally, a bell-shaped jet/plume inflow is
transformed to a more uniform (top-hat) outflow zone that
follows the boundary (surface, bottom, pycnocline) or flows
in the stratified terminal layer. Thus, after
transformation the final geometric values are the trajectory
(%, Y«# 2., the total vertical thickness b,, and the
horizontal half-width b, of the profile. Also concentration
and dilution values refer to average values which, within
the top hat profile, tend to be close to extreme (maximum
or minimum, respectively) values.

Most of the boundary interaction modules, namely the
near-vertical surface impingement with buoyant upstream
spreading (MOD232), the near-vertical surface impingement
with unstable recirculation (MOD234), the stratified
terminal layer impingement with buoyant spreading (MOD236),
and the stratified near-vertical surface injection with
upstream spreading (MOD237) are identical to the ones
presented by Doneker and Jirka (1989 their, MOD32, MOD34,
MOD36, and MOD37 respectively). The following two modules,
however, applies to the multiport diffuser alone.

4.2.3.1 Near-Horizontal sSurface/Bottom/Pycnocline Approach
(MOD235)

In this simplest approach condition, the bent over flow
approaches the interface near-horizontally with an
impingement angle 4, < 45°.

The final x-coordinate is given by a geometric shift
due to the size of the in-flowing jet/plume

X = %X + 2b : , : (4.70)

y, is set equél to y,, and 2z, equal to z. The final bulk
dilution is ‘

103 .




where SB,; is a bulk mixing conversion factor.

The final horizontal half-width is calculated (see
Section 2.6.1.3) to be

by = Ipsiny/2 . S (4.72)
and the vertical width is

b,y = SQ./uby i | | ‘ 7(4;73)

4.2.3.2 Negatively Buoyant Diffusef (3-D) in Strong Current
(MOD238) , .

The diffuser plume will occupy a thin layer only near
the bottom of the ambient flow.

For a parallel diffuser, the thickness is given by
by = By, Ly : ' (4.74)

with a lateral width

b, = %9 cos v + by, | ' : (4;75)
The lateral coordinate iséshifted
Y. = L, sin ¢ - I : (4.76)

and the downstream final position is

x,==§2 sin v + L, :' . I (4.77)

For a perpendicular diffuser the correspbnding equations
are . , _

by = By 1y o B o (4.78)
b, = %? cos v + b, (4.79)
¥¢= 1, sin ¢ |  (4.80)
X, = %ﬂ- sin v + 1, - S " (4.81)
In either case, 2z, = 0 ahd;the final dilution is cross-flow
controlled ‘ o
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(4.82)
(1, 1) *° |

4.2.4 S8Simulation Modules for Unstable Multiportv Diffusers:
- Intermediate~Field Flows )

As mentioned in Section 2.6.2.4, the intermediate-field
plume for the unidirectional or staged diffuser is divided
into two regions. Region 1 starts immediately after the
acceleration zone, and extends up to a distance where
restratification occurs. This distance (Eq. 2.59) is
determined by a critical densimetric Froude number (F. =
uw/(g’H)"”, g’. = g’,/S), where F, depends on the diffuser
type. For the unidirectional diffuser, F, will be indicated
by F.., and for the staged b}( F., (see Table 4.8).

Region 2 starts when the flow restratifies. 1In that
region - the flow has a superimposed surface spreading
(Section 2.6.2.4).

In this module group, the conventions for horizontal
half-width b,, the minimum centerline concentration c, and
the corresponding dilution S are identical to those defined
in Section 4.2.2. ‘

4,2.4.1 Diffuser Plume in Co-Flow (MOD251)
In Region 1: Because the discharge is approkimately co-

flowing, the simulation steps in x’ as the primary
independent coordinate. Thus," :

y’ = x’tans - x’*’sin¢/T/’d,”’cos"% ; (4.83)
and the dilution is

| s = Ssox"72/dq"zcoé"za .' o ‘(4.84)
and the horizontal half-width b, is |

b, = Byx’/coseo (4.85)

where T,, Ss, and B; are constants. ‘Because the flow is

vertically completely mixed, the vertical thickness b, is
set equal to H,.

Region ‘2‘: The same trajéctory and dilution equations
are used as in the first region, but both vertical and
horizontal widths are changed, hence

b, = BBy (H7/1,/ L") (¥ = x'")* + by (4.86)
and — o '
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b, = Sb,H/b,S | . S (4.87)
where BB; is a constant, S, and S are the initial and local

dilution, respectively, and b, the final horizontal width
at the end of region 1. - S

4.2.4.2 Diffuser Plume in Weak Cross-Flow (MOD252)

A procedure analogous to MOD151 is used here for both
regions. The only difference is that instead of stepping
in x’, the primary coordinate is y’ because the discharge
is cross-flowing. The equations are modified accordingly.
For example, the trajectory relation is ‘ s '

x’ = y'Psin% /T4 + y’coto . (4.88)

4.2.5 Simulation Modules for Buoyant Spreading Processes

The flow distribution inherent in the two. buoyant
spreading modules is mostly uniform (top-hat). Hence, the
same interpretations on geometric (width) and dilution (or
concentration) values apply (see introductory comments to
Section 4.2.3). :

4.2.5.1 Buoyant Surface/Bottom Spreading (MOD241) and
Buovant Terminal Layer Spreading (MOD242) . = . o

The equations for MOD241 and MOD242 are the same
equations used in Doneker and Jirka (1990) , MOD41 and MOD42

" respectively.

4.2.5.2 Density Current D

Line (MOD243)

The physical background for the cumulative density
current along the diffuser line was presented in Section
2.6.3.1. The flow equations are : o

eveloping Alon Parallél‘Diffuéer

by = [(0 + (L/L)Y/(2 Co) (¥ = x))1%  (a.89)

b, = S(1, 1,)" x/2b, + (bybu/b, - S,(1, 1,) ‘/zxyzk;,,); v(4.,‘90)
where B, is a constant and e .

b, = (Lp,cosy + 5H,)/2 f ' | N (4.‘91)
and |

b, = H/2 S o (a.92).
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The position x is defined as

X = (Lpcosy + 5H)/2 ‘ ‘ (4‘93)
Yand the dilution is as follows |

S, = H, (s43/1M1 + Sgsin®y/1,1)" o - (4.94)
.where Sa and S43A are both dllutlon constants. |

4. 2 5. 3 Internal Den81tv Current Developlnq Along Parallel
Diffuser Line (MOD244)

- Referring to Section 2.6.3.2, the flow equations are

b, = [(by + (2/Cp)"(8:(11,) " (x-%7) /41, +

k(- x))y1” : B © (4.95)
b, = (S((1; 1)"(x - %)/2 + k) /b, ‘
- S (4.96)
.where .
k = (b, - S5.(1, 1,)")x/2) - (4.97)

4.2.5.4 Diffuser Induced Bottom Density Current . (MOD245)

MOD245 represents a bottom density current that is
" greatly affected, however, by the momentum flux of the
diffuser thus leading to a trajectory that is similar to a
two-dimensional wall Jjet (MOD218). Thus, the module
equations are similar to those for MOD218 with superlmposed
" spreading (MOD241).

4.2.6 Simulation Modules for Ambient Diffusion Processes

The physical processes underlying the' two ambient
diffusion modules (MOD261 and MOD262) have ben presented in
Section 2.5.4. The equations for MOD261 and MOD262 are
identical to those used by Doneker and Jirka (1989, their
‘MOD61 and MOD62, respectively).

4.2.7  Simulation Module for Density Wedge in Bounded
Channel

4.2.7.1 Bottom/surface/Internal Density Wedge (MOD281)

Note that MOD281 does not occupy a fixed position in the
predictive protocols. However, MOD281 will be executed at
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the end of the HMZ for any flow class (see Tables 4.2, 4.3,
or 4.4) if two conditions hold: a) the channel is bounded,
and b) examination of the HMZ final results indicates that
lateral interaction of the plume with both banks does occur.
This is usually the case for strongly buoyant discharges
into a low velocity ambient environment. P

The governing equations have been presented in Section
2.6.3.3. These are the limiting dilution S,, Eq. (2.75) for
wedges with critical boundary control, the channel Froude
number, Eg. (2.76a), the critical depth h,, Eq. (2.76b), and
the wedge lengths I, for bottom (Eq. 2.77) and surface (Eq.
2.78), respectively. | '

For subcritical wedges, the corresponding equations on
the layer depth h, Eq.' (2.79), the Froude numbers, Eqg.
(2.80) and (2.83), and the wedge lengths, Eq. (2.82) and
(2.85), for bottom or surface and internal wedges,
respectively. : '

4.3 Transition Rules, Flow Criteria and Coefficient Values

This section providés the detailed equations for the

transition rules listed in the flow protocols that control

the spatial extent of each flow module. It also provides
the complete functional form for the criteria, including
terminal height evaluations that have been used in the flow
classification presented. in Chapter III. Furthermore, a
listing and justification of all numerical coefficients is
supplied. ) '

4.3.1 Transition Rules

Transition rules are needed to give the spatial
expressions as to where each flow region ends. Each
subsequent flow region is assigned initial values that
corresponding to the final values of the preceding flow
region. Transition rules used in the simulation appear in
Table 4.5, and the constant values for the transition rules
appear in Table 4.9. ;

For example, Transition Rule 2 gives the final value of
a weakly deflected plane jet coordinate when it is followed
by a strongly deflected plane jet in crossflow. The
transition from one region to the other is characterized by
the plane jet/crossflow length scale 1l,. If the horizontal
discharge angle is «, the final supplementary coordinate
n’;, and the final x-coordinate x’,, transition rule 1 yields




Table 4.5 Transition Rules
' Transition From To Equation
. Rule MOD  MOD
1 211 221 @ > 45°, n’, = Tyly sin a
211 222 a < 45°, %', = Tyl, COS a
2 211 216 ‘a > 45°, ', = Tgl, sin a
» a < 45°, x', = Ty,l, cos «a
221 232 z, = 0.75H, + 0.25h,
222 235
222 243
7. 241 261 x, = x+ (27/3)cD, (b, /L")
{ [ (8Lyby,) / (SEL,LRe) 171}
10 216 235 27, = Tl 1,77 sin' '
o 216 244 .
1 242 262 %=X+ (2CD,)"*/ (2-B) (Lw’*bp/Lu/by)
‘ | ([ (8/£/Ru) Lo/ Ly 121 EP10P1-1
12 213 236 z,/ = T, 1, sin'®s +
TchB(lb’a/lmlz) 0052/30
13 214 237 z,! = Tesl,’ sin'®s +
[Tass (1.7°/1.7%) 0952/.39
a > 45°, v/ = Typ 1.’ sin a
a < 45°, %X’ = T,y 1.’ cOS a
14 222 244 Z, = Tg,1Y2/12
15 222 235 z, = max(0.25h,,0.25z2;)
' . 222 . 243
16. 221 236 z?, = Teul,’
21 271 . 251 ¥y, = Telp
272 252




Table 4.5 (Continued)

Transition From To Equation
Rule MOD MOD
22 274 251 Y. = Lpcospg
274 252
279 212
31 251 241 X’ = TyL,'/F H}
32 252 241 Y'e = TaLy'/F H}
38 243 241 | ¥ = (Lpcosy + 5H,)/2
39 244 242 . %’ = Lycosy /2

43 218 245 o > 45°, y’/, = Tg,l, sin o
o < 45°, x’,

Teply cos o

45 212 245 | o > 45°, y', = T. L, sin o
o < 45°, x', = T,,L, cos ¢

51 245 241 o > 45°, y’, = T L. sin o
< 45°, x', = T L, cos o

31,
-l




' = Tol, a > 45° (4.98)

X', = Ty,l, a < 45° (4.99)

where T, is a constant (Iransition rule Constant 2).

As shown in Tables 4.2 to 4.4 the proper transition rule
depends on the sequence of current flow module to next flow
module. In general, flow transition between flow regimes
are smooth due to matching volumetric dilutions. There may
occasionally be slight discontinuities in the predicted flow
width.

4.3.2 Flow Classification Criteria

A summary of the detailed classification criteria that
have been shown in "order of ‘magnitude" form on Figures 2.8
to 2.10 is provided in Table 4.6. The labels Cl, C2, etc.
correspond to the labels used on those figures. The values
of the numerical constants are also included in the first
column of Table 4.6 with reference or comments on how they
were obtained.

4.3.3 Terminal Layer Expressions

Table 4.7 lists the detailed terminal height equations
used in Figure 2.8 of the flow classification scheme. The
equations may differ from the usual equations available in
the literature through geometric factors that measure the
vertical or horizontal momentum strengths and through
factors measuring the direction of the buoyancy force. The
first column also gives the adopted numerical values with
the appropriate reference.

4.3.4 Model Coefficient vValues

Any predictive model describing turbulent flow processed
contains a number of constants that must be determined from
experimental data. The predictive flow modules and
transition rules of CORMIX2 are listed in Table 4.8 and 4.9,
respectively. A large number of constants appear as
required by the different physical processes in the various
flow zones. The reader is referred to Doneker and Jirka
(1990) regarding the procedure for adopting numerical
constants with consistency checks among different types of
constants.

bt
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Table 4.6 Flow Classification Criteria
Criterion Equation Used Data Sources, and
Value in CLASS2 References, .
or Comments
Cl = 0,75 lm’/lbl From List (1982),:
Wright (1979,
; 1982) , and Roberts
(1989)
c, = 0.90 1./1 ° From Abdelwahed and
Chu (1982)
C3 = 2,2 lb'/lé From Roberts (1977)
c, = 0.54 1,(1 + cosza)Z/Hs From Jirka (1973,
C4A = 0.1 . 1982) '
+ (L= Cup*h)/1
' = ’ .
C4 0.22 lM/lm: From Jirka (}982)
C5 = 10 1m/Hs; From Jirka (1982)
C6 = 10 lm/Hs: , ' From Jirka (1982)
C., = 0.54 |1, (1 - coszo)z/H From Jirka (1973,
7 M s ,
1982)
- I]‘MI‘/]'m
C, = 0.54 |1,.,/H From Jirka (1973,
8 M| s 1982)
Cg = 0.4 1 /H_ From Abdelwahed and
Chu (1982)
Cio = 0.17 |1yl /2 From Jirka (1982),
Wright (1977), List
(1982), and Holley
‘ and Jirka (1986)
c,, = 0.6 |LM|/L§n From Jirka (1982),

. Wright (1977), List
(1982) , and Holley
and Jirka (1986)




Table 4.7

Constant .

and Value

Equation Used
in CLASS2

Stratified Terminal Height Expressions . . .-

Reference, or -
Comments :

Crl:= 2.4
?TZ =‘2f4
C“T3‘= 2.3
Cpy = 2.3
CT5 = 2.5
CT6 = 2f5
CT7 = 1.7
C = 1.7

‘T8

1/4, ,3/4_..1/2
CTllm 1 sin ]

m

$3/4

1/4 .
CTzlm lm sln

1/3

7 s
CT3lm sin 9

. _1/3
14
CT4lm sin ]

,3/2,. 172
Coslpy” /1,

3/2 1/2
CTGlb’ /1a

Co7lp’

4
Crglp

From List (1982),
and Abdelwahed
and Chu (1982)
From List (1982),
and Abdelwahed
and Chu (1982)
From List (1982)
From List (1982)

From Roberts (1977,
and 1989)

From Roberts‘(197§,
and 1989)

From Roberts (1977)

From Roberts (1977)




Table 4.8 Module Constants

Coefficient Value Data Source, Summary
i Reference, or Comment

Ty .0 Tqg 2.7 From Holley and Jirka
(1986) - :
S117 S13+ S14+ Sis 0.58 "
By1s Bisr Byyr Big 0.13 "
TTq1 0.20 "
T15 2.3 From Doneker and Jirka
| (1990)
1]
S12 0.18
1 1]
B12 0.11
S13a 0.011 "
} "
Tl6 1.6
‘ 1]
SlG 0.30
' "
B16 9.25
Ty 0.36 From Holley and Jirka -
‘ (1986)
. "
821 Q.54
n"
B21, B24 0.15
TThqa 2.5 "
TTo1p 0.79 "
TThq e 2.0 "
T22 0.25 From Davidson (1989)
Ssq 1.16 . From Doneker and Jirka
(1990)
‘ V "
B,, 0.60 | |
So4 0.27 . From Holley and Jirka
| (1986)
Bigar Bagp 0.15 Doneker and Jirka (1990)




Table 4.8 (Continued)
Coefficient Value . ‘Data Source, Summary
i Reference, or Comment
Sys 0.25 -From Jirka (1982)
"
S43A 0.64 [ |
CD,, 0.8 From Simpson (1982), and
Jirka and Arita (1987)
1]
CD44 1.2
Ssg 0.58 From Holley and Jirka
(1986)
T50 1.0 From Brocard (1977),
and Stolzenbach et. al
(1976)
B50 0.21 From Brocard (1977),
and Stolzenbach et. al
(1976)
TTsq 0.48 "
BBgq 0.25 "
Fesou . 2.5 "
Fesos 1.5 "
SNBR., | 3.22 After Lee (1984)
S.4 0.50 From Lee (1981), and
Stolzenbach & Almquist
(1981)
Bo,sr Bog 0.15 From Holley and Jirka
(1986) ,
S75 0.67 From Jirka (1982)
S7sA 2.23 "

The rest of the constants for MOD232, MOD234, MOD236,
MOD237, MOD241, MOD242, MOD261, and MOD262, are identical
to MOD32, MOD34, MOD36, MOD37, MOD41l, MOD42, MOD61, and
MOD62, presented by Doneker and Jirka (1990) respectively.
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Table 4.9

Coefficients In Transition Rules

Value

Coefficient Data Source, Summary
Reference, or Comment
T01 2.0 From Holley and Jirka
| (1986) : C
Tasn 2.6 From Wright (1977), List
(1982), Wong (1982), and -
'Holley and Jirka (1986) ' -
L1
Tc3 2.0
1]
Te1o 2.4 o
Ta1s 2.3 From Holley and Jirka
) * (1986) |
Tci2B 2.0 ot ;
Ty 2.3 From Wright (1977), List
} (1982), Wong (1982), and
Tc13B 2.q Holley and Jirka (1986)
Tc13p 10.0
TC14 2;}} From‘Roberts (1989)
Tc16 1.7: "
T021 0.5 ‘From Jirka (1982)
Tc3 1ua 2.0 "
Te3is 0.65 "
Tesau 1.55 "
Te3zsg 0.4 n
TC43 2.5 From Holley and Jirka
| (1986)
Toas 5.0 From Wright (1977), List
(1982), Wong (1982), and
- Holley and Jirka (1986)
TCSl 3.0 "
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Chapter V

system Validation and Apblication

5.1 Comgarisoh with Laboratory ang Field Data

In this section the predictions of CORMIX2 will be
compared with laboratory and field data. This section is
not meant to be an exhaustive validation of all possible
CORMIX2 flow classes and associated predictions, but rather
to. test the key CORMIX2 modules that are common to many flow
protocols (flow classes) and to illustrate the flexibility
of the system in handling complex environment and dlscharge
conditions.

While CORMIX2 can accommodate many possible flow
configurations, actual available laboratory or field data
are quite limited. In Section 5.1.1 comparisons are made
with data for diffusers discharging in deep receiving water
in the absence of any boundary effects. Section 5.1.2
addresses flows related to diffusers discharging in shallow
receiving water in which different forms of boundary
interaction processes play a significant role.

In all of the comparisons shown below the numerical
constants and coefficient values have been consistently set
to the values summarized in Chapter IV.

To facilitate comparison with the non-dimensionalization
that is frequently used in the available literature the
following parameters are introduced: E
Densimetric Froude Number based on port diameter ,

F, = u/(g’.D)" | (5.1)

Densimetric Froude Number based on slot width

Fm = uo/(q'oB)ll2 = (lM/lq):‘;/4 (5.2)
Jet/Crossflow Ratio
R = u/u, = (1./1)" (5.3)

5.;.1rDiffuse: Discharges in Deep Receiving woter

This sub-section presents analyses of near-field flows,
starting with buoyant multiport diffuser in a stagnant
uniform ambient, followed by positively and negatively
buoyant multiport diffuser in uniform co-flowing currents,
and, finally, flows in stratified stagnant ambient. To
validate these buoyant Jjet near-field flows, CORMIX2

’




predictions are compared with laboratory data from Cederwall
(1963), Davidson (1989), Isaacson et. al. (1983), and Tong
and Stolzenbach (1979). . : .

5.1.1.1 Unstratified Ambient

5.1.1.1.1 Stagnant Ambient

Figure 5.1a and 5.1b show one case of Cederwall’s (1963)
centerline dilution and trajectory data, adapted from
Davidson (1989), for a two-dimensional (slot) buoyant jet
in a stagnant uniform ambient water compared with CORMIX2
projections. The buoyant jets were discharged horizontally
(6 = 0°) into a uniform ambient density tank. For this
stagnant environment (for which 1, tends to infinity)
CORMIX2 classifies the flow as MU1V (mdnf, bd-v), since the
flow is hydrodynamically stable (previously discussed in
Chapter II). Figure 5.l1a shows Cederwall’s two-dimensional
buoyant jet dilution data plotted against the vertical z-
coordinate (normalized by both the slot width B and the
densimetric Froude number based on slot width F,). Figure
5.1b shows the corresponding trajectory data (both x- and
z-coordinates normalized by both the slot width B and the
densimetric Froude number based on slot width F,). Note
that 1, = BF_/” is indeed the appropriate normalization
length. The flow travels horizontally at first, after some
distance the buoyancy force deflects the flow vertically.
For this stagnant condition ‘the predicted dilution and
trajectory seem to be in excellent agreement with the
observed plume data. ‘

L

5.1.1.1.2 Co~Flowing Ambient

Figure 5.2 and 5.3 show the trajectory data from an
experiment of Davidson (1989) for a multiport buoyant
discharge in a co-flowing unstratified ambient (6 = 0°, and
o = 0°) with velocity ratio R = 5 and R = 8.33 (R = u,/u,),
respectively. The experiment with R. = 5 (Figure 5.2)
possesses more discharge momentum (F, = 8.3) than the one
with R = 8.33 (F, = 5.6) (Figure 5.3). Here CORMIX2 (flow
class MU1lH, mdnf, bd-h) predicts a slightly stronger
deflected plume than shown by the experimental data.

Note that this comparison is only valid . for the
particular diffuser spacing to port diameter ratio (s/D =
27.3) as used in Davidson’s experiment.

Furthermore, it must be stressed that in Davidson’s
experiments the diffuser nozzles were well elevated above
the bottom (h,/D = 83.33) so that the diffuser plume was
able to rise away from the bottom and ambient flow could

118




100 ;- Data
’ - o Cederwall, 1971 (F,=13.6 -25.2)
—~ CORMIX2:
' S - - Centerline Dilution
c
7 - 8=0° o=0°
L e
/./.
10 o®”
C 5.
/
' 1 L L l L L1 1 | 1 1 Il l |' N | I
| 10 100
RN z 2
o 2737 /2 p 1/2
(a) B Fio ?q fM
10
. Data -
- o Cederwall, 1971 o
" (Fg=13.6 -25.2) o
“i , [ CORMIX2: . P
—c— T Centeriine Trajectory /2
t'eM B Fo L 8=0°, o=0° oo
.!o
= )
- /f/
O.l L 1 1 l 2 /I A l 1 1 1 ] 111 ll
a ORI , 1 ' 10
X - X
( b) B Fr°4/3 QM

Figure 5.1

"Horizontal Buoyant Two-Dimensional Jet
Stagnant Ambient: (a) Dilution and

Trajectory

et
bt
[Se)

in

(b)




Data:
o Davidson, 1989

A CORMIX2:
[~ —-— Centerline Trajectory
80F F,-8.3, R=5 e
- §:=0°, o=0° o
£ ' o
60F ==27.3 f .
D | s
L e
40 | oéoo =
50°° .
N ® /
2ok oo'///' \
L
N N N TR LN NUNLE RN O N B

0] —
0 200 40 60 800 1000
X .
D

Figure 5.2 Horizontal Multiport Buoyant Jet Trajectory
in a Co-Flowing Ambient (Relative Spacing s/D
=27.3) A - -

120




Data : .
© Davidson, 1989

CORMIX2:
T Centerline Trajectory

100 Fo=5.6, R=8.33
e e=0°7 o-:OO
z 80F £ .573
—D‘ - D oc>o
— (o)
! o°,¢?/
(o]
40" oo’oo/.
B 00
20 o >~
- o
OoLo 1 i ! | | ] I
@) 00 200 300
X
D
figure 5.3 Horizontal’Muitiport Buoyant .Jet Trajectory

in a Co-Flowing Ambient (Relative Spacing s/D
= 27.3)

o
=




pass below the plume. For lesser elevations the diffuser
plume could stay trapped to the bottom and CORMIX2 (see
criterion C;) would predict such attachment (leading to a
flow class MNU2).

CORMIX2 assumes Gaussian distribution profiles - for
velocity and concentration. In Davidson’s experiment, the
concentration profiles show considerable irregularity which
may explain some disagreement in the trajectories. Other
explanations are related to the exact method of determining
the centerline position, experimental setup, and
unsteadiness of the flow. '

Figure 5.4 shows the dilution data for two different
experiments by Davidson (1989), each having a different R
and F,. Both dilution and the vertical z-coordinate are
normalized as shown in the:figure. Note that.s/D is fixed
and equal to 27.3 as in the previous figures. CORMIX2 °
‘ somewhat'underpredlcts the centerline dilution. Again, this

disagreement is related to the method of determining the
centerline position, and '‘to the assumption . of having a
Gaussian concentration proflle. ,

5.1.1.1.3 Negatively Buoxaﬁt Diecharges

Figure 5.5 shows the centerline trajectory and plume
boundaries of an experiment by Tong and Stolzenbach (1979)
for a negatively buoyant unidirectional dlffuser'dnscharglng
vertically (4 = 90°) into a co-flowing crossflow (¢ = 0°, and
v = 90°) with R = 9.36. 1In this case CORMIX2 predicts an
MNU2 (mdnf, mdff, bd-h, bottom approach) flow class with
numerical results that are in good agreement with the
visually observed plume boundaries (the dilution predicted
by CORMIX2 at different locations agree " with the
experimental ones), however, the flow becomes attached at
a distance greater than the observed one. This difference
is due to the initial three dimensional flow of the
individual diffuser jets near the discharge location. This
aspect can be better predicted by using CORMIX1l (using same
nozzle diameter and spacing length as channel width).

5.1.1,2 Stratified Stagnant Ambient

Laboratory measurements on a multiport diffuser
discharging into a stratified ambient were performed by
Isaacson (1983). The data plesented in Table 5.1 is for a
hydraulic model study of a sanitary wastewater diffuser
discharge into the ocean under dry weather flow conditions.
An alternating diffuser with three nozzles per riser
discharging into a stratified. crossflow1ng ambient current
(v = 90°) was used in the model. The ocean dénsity profileés
for the dry weather case were fitted by a type D (see Figure
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Table 5.1 Comparison Between Laboratory Test Results
(Isaason et. al., 1983) and CORMIX2

# S S S

Do s ;H, - 4y Test mn a p

5
(cm) (m) (m) (m"/s) 1)y (2) (3)
8.2 . 10.97 22.86 0.0052 DW-1 103 105 106.8
8.2.: 10.97 22.86 0.0092 DW=5 68 80 VA 86.9
(1) s = Measured minimum dilution.
(2)”Sé = Measured average dilution.
(3)‘S = CORMIX2 centerline dilution.




2.1) profile. 1In both dry weather cases (DW-1 and DW-5),
CORMIX2 predicts an MS7 (bd-v, terminal layer impingement
with upstream spreading) . flow class with numerical results
that are in good agreement (7%-14% difference) with the
average and minimum measured dilution. The comparison
between the minimum dilution predicted by CORMIX2 and the
measured average and minimum dilutions as reported by
Isaacson is given in Table 5.1. - Although details (e.q.
height of terminal levels) on these model results are not
reported, the comparison ‘give good support to CORMIX2.

5.1.2 Diffuser Discharges in Shallow Receiving Water

This section is intended to illustrate the ability of
CORMIX2 to predict flow dynamics of different shallow
diffuser types discharging into either a stagnant or a
flowing unstratified ambient in the presence of various
boundary interaction processes. CORMIX2 predictions are
compared with experimental data from Brocard (1977), Jirka
(1973), Roberts (1977), and Stolzenbach et. al. (1976).

5.1.2.1 Unidirectional Diffuser

Figures 5.6 and 5.7 present surface isotherms for
hydraulic model results : from the experimental study of
Stolzenbach et. al. (1976) for the thermal diffuser
discharge from the Cayuga Station located at the Somerset
site. Figure 5.6 (Run [“31) shows a positively buoyant
unidirectional diffuser discharging into a stagnant ambient
(6 = 0° o = 90° and y = 0°, and Figure 5.7 (Run *35) a
positively buoyant unidirectional diffuser discharging into
a predominantly crossflowing ambient (¢4 = 0°, o = 120°, and
v = 30°). CORMIX2 predicts an unstable (shallow water) flow
class MU3 (tee acceleration zone, diffuser plume in cross-
flow) for Run *31. For the stagnant case (Figure 5.6) the
predicted plume shape is in good agreement with the observed
plume surface isotherms. Also the centerline concentrations
closely agree with observations. However, CORMIX2 is unable
to predict some temperature build-up ("hot spots") at the
plume periphery. This is essentially an unsteady phenomenon
(probably exaggerated by the limited laboratory basin) and
outside the capabilities of CORMIX2. : ‘

The experimental data for Run *5 show a slightly smaller
deflection than the one indicated by CORMIX2. The
centerline concentrations. (temperature rises) are in good
agreement with the experimental observations for the surface
isotherms. Note the far-field region is absent because the
ambient is stagnant (see Chapter II). The same flow class
(MU3) is obtained for Run *35 but with the additional
presence of the far-field region.
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Once an ambient crossflow is present (Figure 5.7) the
unsteady build-up 2zones are prevented and CORMIX2
predictions are 1in good agreement with the isothernm
observations.

5.1.2.2 Staged Diffuser

Figures 5.8 and 5.9 present surface isotherms from the
laboratory model of Brocard et. al. (1977) for the thermal

diffuser discharge at the Charlestown site. Figure 5.8
(Test *5) shows a positively buoyant staged diffuser
discharging into a stagnant amblent (6 = 20°, ¢ = 90°, and
4+ = 90°), and Figure 5.9 (Test *6) a similar diffuser
discharging into a crossflow ambient (§ = 20°, ¢ = 90°, and
vy = 90%).

CORMIX2 predicts a shallow water flow class MUS5 (staged
acceleratlon zone, diffuser plume in cross-flow) for Test
*5 (Flgure 5.8). Again, unsteady recirculation effects are
present in the laboratory data (limited basin size) for the
stagnant case. If those effects are excluded, the near- and
intermediate field predictions of CORMIX2 give satlsfactory
results. The same flow class (MU5) is obtained for Test 6,
with the additional presence of the far-field zone. As for
the staged diffuser in the presence of crossflow, a much
better agreement with predictions is obtained due to the
minimization of unsteady and/or boundary effects.

Figure 5.10 shows another staged diffuser in a shallow
crossflowing ambient (4 = 0°, ¢ = 90°, and y = 90°) for the
model study of Stolzenbach et al. (1976) Agreement appears
satlsfactory even though some recirculation may be present
in this somewhat weak crossflow 51tuat10n. .

5.1.2.3 Alternating Diffuser

Figure 5.11la and 5.11b show surface isotherms from the
study by Jirka and Harleman (1973) for an alternating
diffuser (6 = 45) in a perpendicular (y = 90°) unstratified

crossflow (Run *BC-3) and an alternating diffuser (4 = 45)
into a parallel (v = 0°) unstratified crossflow (Run *BC-
13). For Run *BC-3 (Figure 5.11la), CORMIX2 predlcts an

unstable flow class MU8 with a buoyant upstream intrusion.
The plume shape and extent of upstream 1ntrus1on is in good
agreement with the experiment. For Run *BC-13, CORMIX2
predicts an unstable flow class MU9 with upstream 1ntru51on.
once again, good agreement in plume shape , intrusion
distance, and dilution values is evident.
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Another comparison can be made with  the experimental
data of Roberts (1977) for a situation in which the flow is
hydrodynamically stable (deep water). The objective here
is to test once again the prediction of CORMIX2 for upstream
intrusion and surface spreading. Figure 5.12 shows a
photograph of a surface plume generated by an alternating
diffuser discharging into a crossflowing (F = u?/j, = 0.1,
v = 90°) unstratified ambient. CORMIX2 assigned an MU1V
flow class with an upstream intrusion of 0.16 m with a half-
width of 0.42 m at surface impingement. The photograph
shows an upstream intrusion of 0.22 m and a half-width of
0.47 m at surface impingement. CORMIX2 overpredicts the
surface spreading for the same reasons as before.

As mentioned earlier, laboratory experiments are always
conducted in model basins of limited size and the somewhat
weaker frontal spreading . observed by Jirka and Harleman
(1973) and Roberts (1977) than that predicted by CORMIX2 is,
in part, related to boundary effects in the model studies.

5.1.3 Summary and Appraisal

Despite the limited availability of laboratory and field
data for the wide range of discharge/ambient characteristics
that is embodied in the 32 flow classes (and their
additional sub-classes) contained in CORMIX2, the preceding
comparison indicates satisfactory system performance under
quite diverse conditions. Thus CORMIX2 has been
demonstrated to have adequate flexibility and accuracy in
predicting diffuser discharging under deep water conditions,
in ambient stratification, in shallow ‘fully mixed
environments and with negative discharge buoyancy. For
additional comments on data/system comparisons see Doneker
and Jirka (1989). {

|
{

5.2 Application: Case Studies

i

The purpose of this section is to give an overview of
the significant features of CORMIX2 in discharge mixing zone
evaluation and design, and to illustrate the flexibility of
CORMIX2 in highly divergent design conditions. The first
case presented represents a hypothetical example of a
discharge from a small municipal treatment plant into the
ocean illustrating the effects of density stratification,
and the second example is a discharge from a power plant
discharging heated effluent into a large lake under varying
ambient currents.
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5.2.1 AAA Municipal Treatment Plant

This example will illustrate the effect of ambient
density stratification in a coastal environment on the
mixing of a buoyant effluent flow containing toxic
substances. The discharge is subject to three mixing
criteria: a toxic dilution zone, a plume width criteria on
a legal mixing zone, and :a downstream region of interest.
The analyst seeks. pollutant concentrations at these
locations. The analyst will use CORMIX2 to try to study the
effect of typlcal winter and summer ambient dens1ty profiles
on the mixing behavior of! ‘the discharge. A

|

\

5.2.1.1 The Problem Statement

The discharge from the AAA municipal treatment plant
into coastal waters contains some toxic substances. The .
mixing characteristics for typlcal winter and summer .
profiles are to be considered (see Figure 5.13). The .
discharge is to be located 3000 m from shore at a local
water depth of 24.2 m. The bathymetry is sloping
approximately linearly from the shorellne.

A 100 m long unidirectional diffuser is used with 41
ports openings. The ports are round with a diameter .of 0.3
m and extend about 0.3 m above the surroundlng bottom with

a vertical angle ¢ = 30.' The diffuser is discharging in
the direction of the prevailing ambient current (co-flow)
(¢ = 0°, and y = 90°) which has a ve1001ty of 0.09 m/s. The

total des1gn discharge flowrate is 3.0 m’/s and contains 100
mg/l of a toxic substance with a CMC of 5 mg/l. The
discharge density is 994.0 kg/m’. A public beach is located
3000 m down-current from the discharge with a legal mixing
zone (IMZ) width set at 400 m. The plume characteristics
at this distance are of interest.

5.2.1.2 CORMIX2 Analysis

The first step in the analysis would be to choose one
of the four ambient stratification types to represent the
actual density proflles as seen in Figure 5.13. An ambient
profile of Type D is chosen to represent the August data,
with surface density p, 1022.7 kg/m’, bottom density p, =
1024.9 kg/m’, and a pycnocllne height h,, = 12.50 m. The
representative cross- sectlon case places the discharge 3000
m from shore in 24.2 m of water. A weak linear ambient
density stratification (Type A) is chosen to represent the
March data, with surface. den51ty ps = 1025.59 kg/m’ and
bottom den51ty pb-— 1025. 82 kg/m.
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For the August design conditions, CORMIX2 concludes the
flow will be confined to the lower stratified layer only of
the specified ambient stratification condition D, and
assigns a flow class MS8 (mdnf, bd-v, terminal layer
impingement with upstreanm spreading, buoyant spreading,
passive diffusion). The simulation results are shown in
Figure 5.14 indicating an upstream buoyant intrusion at the
terminal height. CORMIX2 indicates an upstream intrusion
length of about 176 m. SUM2 notifies the user that both the
hydrodynamic mixing 2zone (HMZ) and the legal mixing zone
(IMZ) occurs at x = 188 m downstream from. the discharge .
point with plume centerline z = 9.52 m, dilution value S°
= 44.6, and the plume half-width b, and thickness b, are.
equal to 353 m and 2.11 m, respectively.

The CMC value occurs at x = 7 m from the discharge
point. SUM2 notifies the user on the criteria checked for.
a TDZ; i) the discharge velocity was not equal to or greater
than. the minimum value of 3.0 m/s, ii) the downstream
distance of the TDZ (1.33 m) did not exceed the maximum
distance of 50 times the discharge length scale L, =1.73 m,
iii) the downstream distance of the TDZ was met within the
maximum distance of 5 times the water depth of 24.16 m, and
finally iv) the downstream distance of the TDZ was within
10 % of the distance to the ILM3Z. :

At 3000 m from the outfall, the plume dilution S = 51.1
with plume depth b, = 1.23;m and flow half-width b, = 681 m.

For the March design conditions, CORMIX2 concludes the
linear ambient density stratification is dynamically
unimportant and unstable, and a uniform ambient density is
set equal to the layer average of 1025.588 kg/m’.’ CORMIX2
assigns a flow class MU1V| for the full water depth. The
simulation results are shown in Figure 5.15 indicating an
upstream intrusion at the surface with an intrusion length
of about 188 m. | : '

SUM2 notifies the user that both the hydrodynamic mixing
zone (HMZ) and the legal mixing zone (IMZ) occurs at x = 266
m downstream from the discharge point with plume centerline
at the surface (z = 24.16 m), dilution value S = 556.1, and
the plume half-width b, and thickness b, are equal to 488 m
and 19 m, respectively. - '

The CMC value occurs at X = 6.9 m from the discharge
point. ‘ . :

At 3000 m from the outfall, tHe plume dilution S = 768,
the plume depth b, = 7.2 m, and the flow half-width b, = 1775
m, indicating the flow does not contact the shoreline near
the public beach. 1
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5.2.2 PPP Electric Power Company

This design example represents a heated discharge
effluent into a large lake from an electric power company
in relatively shallow water with various ambient currents
under a weak ambient stratification. There is no toxic
effluent in the discharge. :

5.2.2.1 The Problem Statement

The lake is 8000 m wide, and the outfall is located at
a distance of 1000 m from the left side of the lake at a
local water depth of 10.0 m. Available site data indicate
a uniform ambient density profile with an average
temperature of 15C.

A 300 m long staged diffuser is used with 31 ports
giving a spacing of 30 m. The ports issue about 0.5 m above
the surrounding bottom. The ports are round with a diameter
of 0.9 m. The diffuser is discharging horizontally (8 = 0°)
and perpendicular to the direction of the prevailing ambient
current (cross-flow) (¢ = 90°, and y = 90°%). The total
design discharge flowrate is 30 m'/s with a design effluent
temperature of 35C. The discharge site is characterized
by wind-induced currents varying between 0.03 m/s and 0.15
m/s. The diffuser is subject to a legal mixing zone (LMZ)
requirement with a local plume width of 400 m.

5.2.2.2 CORMIX2 Analysis

For the minimum ambient current speed of u, = 0.03 m/s,
and the maximum current speed, CORMIX2 assigns flow classes
MUS and MU6, respectively. The simulation results are shown
in Figure 5.16 and 5.17 respectively.

When the current is weak, the analysis shows that the
legal mixing zone (LMZ) is reached at a distance of about
340 m downstream where the dilution S = 12 with a plume
depth b, = 1.25 m. However, with a strong ambient current,
the latter occurs within 100 m from the discharge point with
a dilution S = 17.1 and plume depth b, = 10 m.

5.3 Additional Comments on CORMIX2

As mentioned in Chapter III it is expected that CORMIX2
will be a general predictive system applicable to the
majority . (better than 80%) of all multiport diffuser
discharge/environmental conditions. It is impossible,
however, to devise a system that will analyze all
conceivable submerged discharges. For this reason, CORMIX2
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contains several 1nternal crlterla (limitations) designed
to avoid system misuse for such extreme conditions.

CORMIX2 is devised for deeply submerged multlport
discharges in water of variable depth H. The discharge is
assumed to be located near the bottom of the water body.
CORMIX2 uses the applicability criterion for the helght of
the discharge port h, :

h, < 0.33H | (5.4)

Eq. 5.4 is needed to assure a valid test for deep/shallow»
discharge stability in the flow classification scheme.

Also the diameter D for each port or nozzle must not
exceed 20% of the water depth,

D< 0.2 H ; | | (5.5) .

Finally, the height of the pycnocllne (i.e. thickness
of the lower layer) h, must be in the range between 40% to
90% of the water depth

0.4H < h,, < 0.5H ? - (5.6)

It is pointed out, however, that an experienced user can
modify the data input to allow for CORMIX2 analyses that are
seemlngly outside this normal range of system appllcablllty
Hints for those system appllcatlons can be found 1n Doneker
and Jirka (1989). .

Furthermore, CORMIX2 assumes a conservatlve dlscharge
which is a reasonable assumption since its emphasis is on
initial mixing mechanisms with short time scales {for
further discussion, see Doneker and Jirka, 1989).




Chapter VI
Conclusions and Recommendations

U.S water quality regulations contain the concept of a
mixing zone, a limited area or volume of water where initial
discharge dilution occurs. Water quality standards are-
applicable at the border of, and outside, the mixing zone.
Toxic discharges are subject to additional regulatory
limitations. This water quality policy is implemented
through the National Pollution Discharge Elimination System
(NPEDS) which requlres, among other factors, an estimate of
the initial mixing characteristics. There exist many
possible combinations of discharge conditions and ambient
environments, hence a considerable amount of skill and
training is required to pursue reliable mixing zone
analysis. For the purpose of facilitating this task, an
expert system methodology has-been developed, the Cornell
Mixing Zone Expert System (CORMIX).

Subsystem CORMIX2 predicts trajectory and mixing
characteristics of a multiport diffuser, discharging buoyant
(positively, negatively, or neutrally) effluents discharges
into uniform or stratified ambient environments with or
without the presence of ambient current. Knowledge gathered
from hydrodynamic expertise is used in CORMIX2 for mixing
analysis. CORMIX2 cecllects all input data, verifies for
data - cons:.stency, groups and executes the suitable
hydrodynamlc simulation models, summarizes the simulation
results in accordance with legal requirements including
criteria for toxic substances, and finally recommends
alternatives for improving mixing characteristics. CORMIX2,
with its emphasis on rapid initial mixing, assumes a
conservative pollutant discharge neglecting any physical,
chemical, biological reaction, or decay processes. However,‘
the predlctlve results can be ‘readily converted to adjust
for first-order reaction processes.

The results obtained for the hydrodynamic simulation are
in good agreement with laboratory and field data. CORMIX2
correctly predicts highly complex discharge situations
involving deep or shallow water environments, ambient
stratification, plume intrusions, and boundary interactions.
Many of these processes are absent in currently available
mixing models.

Further work should be accompllshed in order to refine
the hydrodynamlc flow protocols in the flow classification,
and to substantiate various constants in the system. This
task will require additional field and laboratory data.
Also, computer generated graphics should be developed to
plot simulation and to help the user in better understanding
the mixing processes.
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Appendix A: Data Input Advices

**************************%**********************************
CORNELL MIXING ZONE EXPERT SYSTEM: GENERAL INFORMATION

The Cornell Mixing Zone Expert System (CORMIX) is a series of
software subsystems for the analysis, prediction and design of
aqueous discharges into watercourses, with emphasis on the
geometry and dilution characterlstlcs of the initial mixing
zZone.

Subsystem CORMIX2 deals w1th.buoyant submerged discharges from
MULTIPORT DIFFUSERS into flow1ng unstratified or stratified
water environments, such as rivers, lake, estuaries, and
coastal waters. It includes the limiting cases of non-buoyant
and negatlvely buoyant dlscharges and of stagnant amblent
conditions. : ;

The predictive elements of CORMIX2 are based on the
"equivalent slot diffuser" concept. This means the details of
the individual jets emanating from the evenly spaced diffuser
ports/nozzles are neglected by assuming an equivalent slot jet
on the basis of equlvalency‘ of flux gquantities per unit
diffuser length. This concept provides a dynamically accurate
representation of the actual three-dimensional dlffuser if

attention 1lies in the reglon after merging. (In most
cases,the distance to merging is short, of the order of twice
the spacing between individual jets. If further predictive

details for the individual three-dimensional jets prior to
merging are desired, the user is advised to use CORMIX1l with
the flow parameters for the individual jets).

l H
Please note that the time [for loading of individual program
elements will depend on the speed of your computer and the
size of the program element. The time for these file
operations may range from a few seconds (IBM PS/2 Model 70,
80386-based) to more than a minute (IBM PC/XT, 8088-based).
Also DOS file manipulation information may be displayed by the
system during program execution, or may be neglected by the
user. ’ ‘

PROGRAM ELEMENTS:
The program elements of CbRMIXZ are listed below. During
system use the program elements are loaded sequentially and
automatically in the order /given below.
1) DATIN

This is a knowledge base program for the entry of

relevant data about the discharge situation and for the
initialization of the other program elements. DATIN




r

consist of four subprograms that execute automatically;
each subprogram assembles a data group. You are

. presently using DATIN. The four data groups DATIN seeks
are: general identifier information, ambient conditions
(geometry and hydrography), discharge conditions
(geometry and fluxes), and output information desired
including legal mixing zone definitions. After each
subprogam executes, the values for data entered or
concluded are displayed.

DATIN is a detailed program with complete explanations on
data preparations, assumptions and schematizations.
DATIN along with the programs PARAM and CLASS (described
below) automatically creates the files fn.CXD, fn.CXC,
and HYDRO2.CXE where fn is a user supplied file name.
The fn.CXD contains all necessary input data for the
hydrodynamic simulation model HYDRO2 described below.
The file fn.CXC contains all knowledge base conclusions.
The HYDRO2.CXE file instructs HYDRO2 which £n.CXD file to
load as input for the current session.

2) PARAM

This is a knowledge base program that computes the
relevant physical parameters for the given discharge
situation. Output from PARAM is included in the £n.CXD
file. ' :

3) CLASS

This is a knowledge base program that classifies the
given discharge into one of many possible hydrodynamic
configurations, e.g. a boundary attached discharge, an.
unstable vertically mixed case, or mixing controlled by
the ambient crossflow.

Each separate flow configuration has an alphanumeric
label (Example MU1,MS4,..) and a detailed hydrodynamic
description is available. Output from CLASS is contained
in the fn.CXD file. '

4) HYDRO

This is a knowledge base program that executes the
external FORTRAN hydrodynamic program (HYDRO2) consisting
of a number of simulations subroutines (modules) each
corresponging to a particular hydrodynamic mixing
process. For each flow configuration (Examples: MU4,
MS5) identified in CLASS, the appropriate modules are
executed sequentially according to a specific protocol.

The program prints out data on geometry (trajectory,
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width, etc.) and ' associated mixing (dilution,
concentration) following the path of the effluent
discharge. As mentioned above, the main predictive
elements are based on, the three-dimensional "equivalent
slot diffuser" representation of the actual ‘multiport

diffuser.
HYDRO2 automatlcally creates the files fn.CX0O and fn.Ccxs
where fn is the user supplied file name. The fn.CXO

contains the output file data from HYDRO2. The fn.CXS
file is used as input by the final program segment SUM.

| _ _
5) SUM E

, .

This is a knowledge base program that summarizes the
given situation, comments on the mixing characteristics,
evaluates how appllcable legal requirements are
satisfied, and suggests possible desigh alternatives and

1mprovements. )

UNITS OF MEASUREMENT: |
|
CORMIX uses the SI system of measurement, spec1flcally
length in m, mass in kg, time in s, and temperature in deg C.
Furthermore, all pollutant concentrations are considered in
arbitrary units, i.e. the user can specify these in any units
he/she des1res, and all output data must be interpreted
accordingly in these same unlts '

COORDINATE SYSTEM: %
All predictions in CORMIX2 are dlsplayed using the
following three-dimensional coordinate system:

---The origin is located at the half—way p01nt of the’
diffuser line.
*%% There is one exceptlon° when the diffuser line
starts at the shore, then the origin is located
directly at the shore. #***
---The x-axis is located at the bottom of the water body
and directed in the downstream direction following the
ambient flow.
-—-=The y-axis is located at the bottom and points to the
left normal to the ambient flow direction (x-axis).
~=-The z-axis points vertlcally upward.

Note, if the ambient current dlrectlon is Varlable (e g. due
to reversing tidal flows), the x-axis and the y-axis will
change depending on flow: direction. Furthermore, if a
stagnant situation is to be analysed, the x-axis may be
defined by the direction of the prevailing currents.
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T T T T T T T T T T P e R T T AL S R S R ARt
DATA REQUIREMENTS FOR AMBIENT CONDITIONS:

Ambient conditions are defined by the hydrographic and the
geometric conditions in the vicinity of the discharge. For
this purpose typical cross-sections normal to the ambient flow
direction at the discharge site and further downstream need to
be considered: :

A) Bounded cross-section: If the cross-section is bounded on
both sides by banks - as in rivers, streams, narrow estuaries,
and other narrow watercourses -, then the cross-section is
considered "bounded".

B) Unbounded cross-section: In some cases the discharge  is
located close to one boundary while the other boundary is for
practical purposes very far away. This would include
discharges into wide lakes, estuaries and coastal areas.
These situations are defined as "unbounded".

A) BOUNDED CROSS~SECTION:
Hydrographic information:

Data on the design ambient flow condition - such as average
river discharge or low flow discharge - needs to be available.
The user has the option of entering such data directly as the
discharge or as an average velocity. The ambient density
profile (i.e. the vertical distribution of the ambient water
density) must be approximated. It may be specified as either
uniform (within given limits) or approximated as one of four
simplified profiles. An opportunitiy for obtaining more
detailed information on these profiles is given later.

The ambient density can be specified directly, or -in case of
freshwater- is computed after specification of the ambient
temperature.

Geometric information:

CORMIX will conduct its analysis assuming a rectangular
cross-section that is given by a width and a depth both of
which are constant in the downstream direction following the
ambient flow. This schematization may be quite evident for
well-channeled and regular rivers or artificial channels. For
highly irregular cross-sections, it may require more judgement
'and experience - perhaps combined with a repeated use of
CORMIX to get a better feeling on the sensitivity of the
results. _ '

In any case, the user is advised to consider the following
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steps:

J) Be aware that a particular flow condition (such as a
river discharge) is usually associated with a certain
water surface elevation ("stage"). Data for a
stage-discharge relationship is normally available from
a separate hydraulic analysis or from field measurements.

2) For the given stage-discharge combination display the
cross-section at the  discharge location and several
downstream cross-sections. Look over these. Determine
a an "equivalent rectangular cross-sectional area". Very
shallow bank areas or shallow floodways may be neglected.
Also more weight should be given to the cross- sectlons
at, and close to, the dlscharge location.

3) Determine the surface width and depth of the
equivalent rectangular area. In case that ambient
discharge and ambient velocity data are available, note
that the continuity relation specifies that discharge =
(velocity * cross-sectional area). The width and depth
values thus chosen need to be specified to CORMIX which
will check for any inconsistencies.
Note On Stagnant Conditions: ,
If 2zero (or a very small value) for ambient
velocity is entered, CORMIX will 1label the
discharge environment as stagnant. In this case
CORMIX will predict only the near field of the
discharge. Although stagnant conditions represent
an extreme llmltlng case for dilution prediction,
a more realistic assumption for natural water
bodies would be, to consider a finite .ambient
crossflow, no matter how small. It is therefore
reccommended to conduct subsequent analys1s with a
small crossflow. | :

4) As a measure of geometric non-uniformity also specify
the actual maximum depth of the cross-sections (again
with more weight given to the near-discharge
cross-sections). ; : Co

l . .

5) As a measure of the,roughness characteristics in the
channel the value of the Manning "n", or alternatively of
the Darcy-Weisbach friction factor "f", must be
specified. These parameters influence the mixing
process only in the final stage considered by CORMIX and
are not very sensitive to the predictions. Generally, if
these values are assumed known within +-30% the
predictions will vary by +-10% at the most.

B) UNBOUNDED CROSS SECTION:

\
T
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Both hydrographic and geometric information are closely linked
in this case:

1) Determine the water elevation (given by lake or
reservoir elevation or tidal stage etc.) for which the
analysis should be conducted.

2) Assemble cross-sectional profiles that plot water
depth as a function of distance from the shore for the
discharge location and for several positions downstream
following the ambient current direction.

3) a) If detailed hydrographic data (from field surveys
or from some hydraulic numerical model calculations) are
available, determine the cumulative ambient discharge
from the shore to the discharge 1location for the
discharge cross-section. For each of the subsequent
downstream cross-sections determine the distance from the
‘shore at which the same cumulative ambient discharge has
been attained. Mark this position on all cross-sectional
profiles. Now consider the velocity (vertically
averaged) and the depth at these positions. Specify to
CORMIX a typical ambient velocity and a typical depth
from these data by giving most weight to the conditions
at, and close to, the discharge location. Specify a
typical distance from the shore by dividing the
cumulative ambient discharge by (ambient velocity *
depth) .

b) If detailed hydrographic data is not available - but
at least data, or estimates, on the vertically averaged
velocity at the discharge location must be available! -
then determine the cumulative cross- sectional area from
the shore to the discharge location for the discharge
cross-section.

For each of the subsequent downstream cross-sections,
mark the position where the cumulative cross-sectional
area has the same value as at the discharge
cross-section. Determine the typical ambient velocity
and the typical ambient depth at these positions with
most weight given to conditions at, or close to, the
discharge location. Specify the typical distance from
the shore by dividing the cumulative cross-sectional area
by the ambient depth. :

4) In. summary, CORMIX will conduct its analysis for the
unbounded case by assuming an "equivalent rectangular
cross-sectional area" defined by depth, by distance from
one bank to the discharge position, and by ambient
velocity. Note the similarities to the bounded case
discussed above. As for the bounded cross-section, the
ambient density profile (i.e. the vertical distribution
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of the ambient water density) must be approximated. It
may be specified as either uniform (within given limits)
or approximated as one of four simplified profiles. An
opportunitiy for obtaining more detailed information on
these profiles is given later.

The ambient density can be specified directly, or =-in
case of a freshwater ambient - 1is computed by
specification of the ambient temperature.

5) As a measure of the roughness characteristics of the
flow area the value of the Manning "n", or alternatively
of the Darcy-Weisbach friction factor "f", must be
specified. These parameters influence the mixing process
only in the final stage considered by CORMIX and are not
very sensitive to the predictions. Generally, if these
values are assumed known within +-30% the predictions
will vary by +-10% at the most. :

i
***************************:lc*********************************

ADVICE FOR SPECIFYING DISCHARGE CHARACTERISTICS: MULTIPORT
DIFFUSERS: ’ K

t
GENERAL INFORMATION AND DEFINITIONS:

A multiport diffuser is a linear structure consisting of many
closely spaced ports or nozzles which inject a series of
turbulent jets at high velocity into the ambient receiving
water body. These ports or nozzles may be connected to
vertical risers attached to an underground pipe or tunnel, or
may simply be openings in a pipe lying on the bottom.

The diffuser line (or axis) is a line connecting the first
port or nozzle and the last port or nozzle. Generally, the
diffuser 1line will coincide with the connecting pipe or
tunnel. CORMIX2 will assume;a straight diffuser line. If the
actual diffuser pipe has bends or directional changes it must
be approximated by a straight diffuser line.

The diffuser length is the distance from the first to the last
port or nozzle. The origin of the coordinate system used by
CORMIX2 is located at the center (mid-point) of the diffuser
line (there is one exception: when the diffuser line starts at
the shore, then the origin is located directley at the shore.

CORMIX2 considers the three major diffuser types in common
engineering practice: .

1) UNIDIRECTIONAL DIFFUSER: All ports (or nozzles) are
pointing to one side of the diffuser line, more or less
normally to the diffuser 1line, and more or less
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horizontally.

2) STAGED DIFFUSER: All ports are pointing in one

‘direction following the diffuser line (or nearly so, with
small deviations to either side of the diffuser line),
and more or less horizontally.

3) ALTERNATING DIFFUSER: The diffuser ports do not have

a preferred horizontal direction: Either they point, in

an alternating fashion and more or less horizontally, to
. both sides of the diffuser 1line, or they all point
. upward, more or less vertically. '

DIFFUSER GEOMETRY SPECIFICATION:

CORMIX2 will ask for the following data on diffuser geometry.

Note, that CORMIX2 will assume uniform discharge conditions
along the diffuser line. This includes a uniform ambient
depth as specified earlier. If the depth is, in fact,
variable (e.g. due to an offshore slope) it should be
approximated by a mean depth along the diffuser line (with a
possible bias to the more shallow near-shore conditions).
Similarly, discharge parameters (e.g. port size or spacing or
discharge per port) may vary along the diffuser line; again,
they must be approximated by mean values.

1) Specify +the diffuser length. Also specify the
distance from the shore for both end points of the
diffuser line. -

2) Details on port or nozzle geometry and construction:
Are the ports or nozzles connected to vertical risers
from an underground pipe or tunnel? If yes, how many
risers exist, and how many ports or nozzles are attached
to each riser? If no, how many ports or nozzles are
spaced along the diffuser line? In either case, CORMIX2
will assume a uniform spacing between risers or between
nozzles or ports..

3) Specify the average diameter of the discharge ports or
.nozzles. CORMIX2 assumes round ports/nozzles. Also, the
value for. the jet contraction coefficient should be
specified. ‘ :

4) SpeCify:the height of the pbrt/nozzle'centers above

'the ambient bottom.

5) The vertical angle of discharge (THETA) is the angle
of the port/nozzle centerline measured from the
horizontal . plane. As examples, THETA is 0 deg for a
horizontal -discharge, and it is +90 deg for a vertical
(upward) discharge. :
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6) Consider a plan view of the diffuser as seen from
above. Defined for @ the unidirectional and staged
diffusers only, the horlzontal angle of discharge (SIGMA)
is the angle between the port/nozzle centerline in this
plan projection and the ambient current direction,
measured counterclockW1se from the ambient current
direction (x-axis). The possible range of SIGMA is from.
0 deg to 360 deg. In case of variable: orlentatlon,
specify the average horlzontal angle. :

7) The diffuser allgnment angle (GAMMA) is the angle
between the diffuser 'axis and the ambient current,:
measured counterclockwise from the ambient current
direction (x-axis). The possible range for the alignment.
angle is from 0 deg to 180 deq. As examples, special
cases are the parallel diffuser (GAMMA = 0 deg or 180
deg), and the perpendlcular diffuser (GAMMA =.90 deg).

8) The relative orientation angle (BETA) of the
port/nozzle discharge ' is the nearest (clockw1se oY
counterclockwise) angle between the horizontal prOj ection
of the port/nozzle centerllne and the diffuser axis. The
possible range of the BETA is between 0 deg (staged
diffuser) and 90 deg (unldlrectlonal diffuser). :

DIFFUSER FLOW VARIABLES:

1) Specify the total dlffuser dlscharge or the dlscharge
velocity. Note, these two variables are related through
the total cross-sectlonal area of all discharge
ports/nozzles. “
2) The discharge den51ty can be specified dlrectly, or -
in case of an essentlally freshwater discharge in which
the addition of any pollutant or tracer has negligible
effect on density - it is computed after specification of
the discharge temperature.

f
3) The discharge concentration of the material of
interest (pollutant, tracer, or temperature) is defined
as the excess concentration above any ambient
concentration. The user can specify this quantity in any
units and the CORMIX2 results for computed excess
concentrations should then be 1nterpreted in these same
units.

****************************}*******************************
SPECIFICATION OF DESIRED MIXING ZONE INFORMATION:
!

The user must specify data that indicates over which spatial
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region information will be desired, and in what detail. Legal
mixing zone (LMZ) requirements may exist or not.

The user has several options for this specification:

1) LEGAL MIXING ZONE (LMZ): Options exist for specifying the
legal mixing zone as a maximum distance from the discharge
location, or as a maximum cross-sectional area occupied by the
plume, or as the maximum width of the effluent plume. If the
discharge is toxic, the criterion continuous concentration
(ccc) value must be met at the boundary of the LMZ.

2) REGION OF - INTEREST (ROI): When legal mixing zone
restrictions do not exist or when the user is interested in
information over a larger area, then a region of interest must
be specified as the maximum distance in the direction of mixed
effluent flow.

3) HYDRODYNAMIC MIXING ZONE (HMZ): In all cases, CORMIX will
label a usually smaller initial region in which
discharge-induced mixing takes place as the "hydrodynamic
mixing zone". The dilution conditions in the HMZ may be a
useful measure for the outfall designer when attempting to
optimally design the discharge conditions.

4) TOXIC DILUTION ZONE (TDZ): For all discharges that have
been designated as toxic by USEPA standards (Technical Support
Document for Water Quality-Based Toxics Control, USEPA, 1985;
in revision, 1990) CORMIX will automatically define the
concentration values at the edge of the toxic dilution zone as
defined in that document. CORMIX will indicate 1if the
criterion maximum concentration (CMC) standard has been met.

After all applicable data have been specified on these zones,
CORMIX also needs information on the level of detail for the
output data within these zones and, simultaneously, within all
the hydrodynamic elements (modules) that may occupy  these
zones.
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Appendix B: Flow Descriptions for all Flow Classes
| o

*************************************************************

FLOW CLASS MS1 i
This flow configuration is profoundly affected by the . 11near.
ambient density stratification. The predominantly jet-like
flow gets trapped at some termlnal (equilibrium) level. The
trapping is also affected by the reasonably strong ambient .
crossflow. For this case, the diffuser alignment is
predominantly perpendicular to the ambient flow. s

Following the trapping zone, the discharge flow forms an
internal layer that is, further influenced by buoyant
spreading and passive diffusion. , c .

The following flow zones exist:

1) Weakly deflected plane jet in crossflow: The flow issuing
from the equivalent slot width is 1n1t1a11y dominated by the
effluent momentum (jet-like) and is weakly deflected by the
ambient current.

2) Strongly deflected plane jet in crossflow. The jet hae
become strongly deflected by the ambient current and 1s
slowly rising toward the trapplng level.

3) Terminal layer approach.‘The bent-over submerged jet/plume
approaches the terminal level. Within a short distance the
concentration distribution becomes relatively unlform across .
the plume width and thlckness.

*%%* The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. #**=* )

4) Buoyant spreading in 1nterna1 layer: The dlscharge flow
within the internal layer spreads laterally while it is being.

advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may 1nteract with a nearby bank or
shoreline.

5) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
m1x1ng mechanism. The passnve plume is growing in depth and.
in width. The plume may interact with the upper layer
boundary, channel bottom and/or banks.

**% Predictions will be terminated in zone 4 or 5 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%% .
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*************************************************************
FLOW CLASS MS2 '

This flow configuration is profoundly affected by the linear
ambient density stratification. The predominantly jet-like
flow gets trapped at some terminal (equilibrium) level. The
trapping is also affected by the reasonably strong ambient
crossflow. . For this case, the diffuser alignment is
predominantly parallel to the ambient flow.

Following the trapping zone, the discharge. flow forms an
internal layer that is further influenced by buoyant
spreading and passive diffusion.

The following flow zones exist:

1) Weakly deflected plane jet in crossflow: The flow issuing
from the equivalent slot width is initially dominated by the
effluent momentum (jet-like) and is weakly deflected by the
ambient current.

2) Strongly deflected plahe jet in .crossflow: The jét has
become strongly deflected by the ambient current and is
slowly rising toward the trapping level. :

3) Internal density current along diffuser line: The plume
develops along the diffuser line due to continuous inflow of
mixed buoyant water. The plume spreads laterally along the
layer boundary (surface or pycnocline) which it is being
advected by the ambient current. The mixing rate is
relatively small. : ‘

*%*%* The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *¥%% :

4) Buoyant spreading in internal layer: The discharge flow
within the internal layer spreads laterally while it is being

advected by the ambient current. The plume thickness mayf
decrease during this phase. The mixing rate is relatively

small. The- plume may interact with a nearby bank or

shoreline. .

5) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating .
mixing mechanism. The passive plume is growing in depth and
in. width. The plume may interact with the upper layer.
boundary, channel bottom and/or banks.

*%% Predictions will be terminated in zone 6 or 7 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%*% ' L
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**************************************************k**********
FLOW CLASS MS3 !

This flow configuration is profoundly affected by the linear
ambient density stratification. The predominantly jet-like
flow issues vertically, or}near-vertlcally, upward and gets
trapped at some terminal (equilibrium) level. The crossflow
is weak in the present 51tuatlon.

Following the trapplng zone, the discharge flow forms an
internal layer that is further influenced by buoyant spreadlng
and passive diffusion. : ‘
!

The following flow zones exist:

1) Near-vertical plane jet in linear stratification: The flow
issuing from the equivalent slot is 1n1t1ally dominated by
the effluent momentum (jet-like) and is weakly deflected by
the ambient current and the density stratification. -

2) Terminal layer 1mp1ngement / upstream spreading: The weakly
bent jet/plume approaches (impinges) the terminal layer at
a near- vertical angle, andi ‘may overshoot that level to some
extent. After impingement the flow spreads in all directions
(more or less radially) at the terminal level forming an
internal layer. In partlcular, the flow spreads some
distance upstream against the ambient flow, and laterally
across the ambient flow. This spreading is dominated by the
buoyant collapse of the internal layer within the 1linear
ambient stratification.

*%%* The zones listed above cpnstitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *#%

3) Buoyant spreading in 1nternal layer: The dlscharge flow
within the internal layer spreads laterally while it is being

advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may 1nteract with a nearby bank or
shoreline.

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the domlnatlng
m1x1ng mechanism. The passive plume is growing in depth
and in width. The plume may interact with the upper layer
boundary, channel bottom and/or banks. :

*%% Predictions will be termlnated in zone 3 or 4 dependlng on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. **%*




SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4). cannot be.
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated at
this stage. S

Such stagnant water predictions may be a useful initial m1x1ng‘
indicator for a given site and discharge design.

For practical final predictions, however, the advection and‘
diffusion of the ambient flow - no matter how small 1n
magnitude - should be considered. :

ded ek e e e e ek ke ek kR ok ek Rk ek ke kR Rk Rk kR k kK kk
FLOW CLASS MS4

This flow configuration is profoundly affected by the linear
ambient density stratification. The predominantly jet-like
flow issues horizontally, or near-horizontally, into the
density stratified layer and gets trapped at some terminal
(equilibrium) level. The crossflow is weak in the present
situation.

Following the trapping zone, the discharge flow forms an
internal layer that is further influenced by buoyant
spreading and passive diffusion. v

The following flow zones exist:

1) Near-horizontal plane Jjet in linear stratification: The
flow -issuing from the equivalent slot width is 1n1t1a11y
dominated by the effluent momentum (jet-like) and is weakly
deflected by the ambient current and the density
stratification. , '

2) Terminal 1ayer injection /'surface spreading: The weakly
bent jet/plume approaches (injects into) the terminal
layer at a near- horizontal angle. After ‘injection the flow
spreads in all directions (more or less radially0 at the
terminal level forming an internal layer. The residual
horizontal momentum flux within the jet affects that spreading
process. In particular, the flow spreads some distance
upstream against the ambient flow, and laterally across the
ambient flow. This spreading is dominated by the buoyant
collapse of the internal layer within the linear amblent
stratification. :

*%% The zones listed above constltute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *** .

3) Buoyant spreading in internal layer: The discharge flow
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within the internal layer spreads laterally while it is being

advected by the ambient current. The plume thickness may
decrease during this phase. The’'mixing rate is relatively
small. The plume may interact with a nearby bank or
shoreline. R o :

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the domlnatlng
mixing mechanism. The pass:Lve plume is growing in depth
and in width. The plume may interact with the upper layer
boundary, channel bottom and/or banks.

*%% Predictions will be termlnated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *#%% }

SPECIAL CASE: If the amblent is stagnant, then advection and
diffusion by the ambient ‘flow (zones -3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be- Lermlnated at
this stage.

Such stagnant water predlctlons may be a useful initial mixing
indicator for a given site land discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered.

|

|
*************************************************************
FLOW CLASS MS5 ; ‘
l
This flow configuration is profoundly affected by the 11near
ambient density stratlflcatlon. The predominantly plume-like
flow gets trapped at some term1na1 (equilibrium) level. The
trapping is also affected by the reasonably strong ambient
crossflow. For this case, the diffuser alignment is
predominantly perpendlcular to the amblent flow.

Following the trapplng zone, the discharge flow forms an
internal layer that is further influenced by buoyant spreading
and passive diffusion.

The following flow zones ex1st-

1) Strongly deflected plane plume' The flow issuing from the
equivalent slot width is 1ngt1ally dominated by the effluent
buoyancy (plume-like) and the plume buoyancy starts to affect
the flow. The plume is strongly deflected by the current and
is slowly rising towards the term1na1 level.
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2) Terminal layer approach: The bent-over submerged jet/plume
approaches the terminal level. Within a short distance the
concentration distribution becomes relatively uniform across.
the plume width and thickness. - )

%*%% The zones .listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. #*#*%

3) Buoyant spreading in internal layer: The discharge flow
within the internal layer spreads laterally while it is being

advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may interact with a nearby bank or
shoreline. - :

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the wupper layer
boundary, channel bottom and/or banks.

*%*%* Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. **%* '

B R T T T L E AL R I T L L L E A Et d itk d i it
FLOW CLASS MS6

This flow configuration is profoundly affected by the linear
ambient density stratification. The predominantly plume-like
flow gets trapped at some terminal (equilibrium) level. The
trapping is also affected by the reasonably strong ambient
crossflow. For = this case, the diffuser alignment is
predominantly parallel to the ambient flow.

Following the trapping zone, the discharge flow forms an

internal layer that is further influenced by buoyant spreading
and passive diffusion.

The following flow zones exist:

1) Strongly deflected plane plume: The flow issuing from the
equivalent slot width is initially dominated by the effluent
buoyancy (plume-like) and the plume buoyancy starts to affect
the flow. The plume is strongly deflected by the current and
is slowly rising towards the terminal level. .

2) Terminal layer approach: The bent-over submerged jet/plume
approaches the terminal level. Within a short distance the
concentration distribution becomes relatively uniform across
the plume width and thickness. ‘
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3) Internal density current along diffuser line: The plume
develops along the diffuser line due to continuous inflow of
nixed buoyant water. The plume spreads laterally along the
layer boundary (surface or pycnocline) which it is being
advected by the ambient | current. The mixing rate is
relatively small. ‘

*%% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. #*%%

4) Buoyant spreading in internal layer: The discharge flow
within the internal layer spreads laterally while it is being

advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may interact with a nearby bank or-
shoreline. ‘

5) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the upper layer
boundary, channel bottom and/or banks. S

*%% Predictions will be terminated in zone 4 or 5 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF

INTEREST. #%#%%* i

R e T L Y T Y P R P R T L T R R TR PO SO
FLOW CLASS MS7

Thi§ flow copfiguration is ‘profoundly affected by the linear
ambient density stratification. The predominantly plume-like
flow issues vertically, 'or ' near-vertically, and rises

ver@igal}y upward and gets trapped at some terminal
equilibrium level. The crossflow is weak in the present
situation. : :

Following the trapping zohe, the discharge flow forms an
internal layer that is further influenced by buoyant spreading
and passive diffusion. ; ' :

The following flow zones exist:

1) Weakly deflected plane plume in linear stratification: The
flow issuing from the equivalent slot width is initially
dominated by the effluent buoyancy (plume-like) and is weakly
affected by the ambient ' current and the density
stratification. - - = ' o
B
2) Terminal layer impingement / upstream spreading: The weakly
bent jet/p%ume approaches (impinges) the terminal layer at a
near—- vertical angle, and may overshoot that level to some
|
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extent. After impingement the flow spreads in all directions
(more or less radially) at the terminal level forming an
internal 1layer. In particular, the flow spreads some
distance upstream against the ambient flow, and laterally
across the ambient flow. This spreading is dominated by the
buoyant collapse of the internal layer within the linear
ambient stratification. :

*%* The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. **%

3) Buoyant spreading in internal layer: The discharge flow
within the internal layer spreads laterally while it is being

advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may interact with a nearby bank or
shoreline.

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the upper layer
boundary, channel bottom and/or banks.

*%** Predictions will be terminated in zone 4 or 5 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%*%*

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated at
this stage. »

Such stagnant water predictions may be a useful initial mixing
indicator for a given site and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered.

khkhkhkkkdkhhkhkhhkdhhhkhhhhhhkhhkdhhkhdrhhhkhhhhhhhhhhdhhhhhhkkhhhhhhhk
FLOW CLASS MsS8

This flow configuration is profoundly affected by the linear.
ambient density stratification. The predominantly plume-like
flow issues horizontally, or near-horizontally, into the
density stratified layer and, after some distance, rises

vertically wupward and gets trapped at some terminal
equilibrium level. The crossflow. is weak in the present
situation. :
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Following the trapping zéne, the discharge flow forms an
internal layer that is further influenced by buoyant spreading
and passive diffusion. :

The following flow zones e&ist:

1) Weakly deflected plane ;jet in crossflow: The flow issuing
from the equivalent slot diffuser is initially dominated by
the effluent momentum (jet-like) and is weakly deflected by
the ambient current. I '

2) Weakly deflected plane plume in linear stratification:
After some distance, the flow becomes dominated by the
effluent buoyancy (plume-like) and is weakly affected by the
ambient current and the density stratification. S '

3) Terminal layer impingement / upstream spreading: The weakly
bent jet/plume approaches (impinges) the terminal layer at a
near—- vertical angle, and. may overshoot that level to some
extent. After impingement the flow spreads in all directions
(more or less radially) at the terminal level forming an
internal layer. In particular, the flow spreads some
distance upstream against the ambient flow, and laterally
across the ambient flow. This spreading is dominated by the
buoyant collapse of the internal layer within the linear
ambient stratification. '

**% The zZones listed above?constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place.  *#** :
3

} B
4) Buoyant spreading in internal layer: The discharge flow
within the internal layer spreads laterally while it is being

advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may interact with a nearby bank or
shoreline. ‘ -

5) Passive ambient mixing: After some distance the background
turbulence in the ambient 'shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the upper layer
boundary, channel bottom and/or banks.

%kk Preqiqtipns will be terminated in zone 4 or 5 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%% : | o . S

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 4 and 5) cannot - be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 to 3) and the predictions will be terminated at
this stage. : L v R - o

170




Such stagnant water predictions may be a useful 1n1t1al m1x1ng
indicator for a given site and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in °
magnitude - should be considered.

kkkdkkkkhhhhhkhkhhhhhhhhhhhkhhhkhhkhhhkhdhhdhhhhhhhhhkhhhhrkhdhhhd
FLOW CLASS MUl1lH

The discharge configuration is hydrodynamically "stable", that
is the discharge strength (measured by its momentum flux) is
weak in relation to the layer depth and in relation to the
stabilizing effect of the discharge buoyancy (measured by its
buoyancy flux). The buoyancy effect is very strong in the
present case. :

The‘followingrflow zones exist:

1) Weakly deflected plane jet in crossflow: The flow issuing
from the equivalent slot diffuser is 1n1t1a11y dominated by
the effluent momentum (jet llke) and is weakly deflected by
the ambient current.

2) Strongly deflected plane plume: After some distance the
discharge buoyancy becomes the dominating factor
(plume-like). The plume is deflected by the effect of the
strong ambient current. - :

) Surface layer approach: The bent~over submerged jet/plume
approaches the terminal level. Within a short distance the
concentration distribution becomes relatively uniform across
the plume width and thickness.

or

3) Density current along diffuser line: The plume develops
along the diffuser line due to. continuous inflow of mixed
buoyant water. The plume spreads laterally along the layer
boundary (surface or pycnocllne) which it is being advected
by the ambient current. The mixing rate is relatively small.
This zone extends from beginning to end of the diffuser llne.

. %*%% The zones llsted above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. **% '

4) Buoyant spreading at layer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate. is
relatively small. The plume may interact with a nearby bank
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or shoreline.

5) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may 1nteract with the channel bottom
and/or banks.

*%% Predictions will be terminated in zone 4 or 5 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%% |

e T T T T T T
FLOW CLASS MU1V !

The dlscharge configuration:is hydrodynamically "stable", that
is the discharge strength (measured by its momentum flux) is
weak in relation to the 1 yer depth and in relation to the
stabilizing effect of the discharge buoyancy (measured by its
buoyancy flux). The buoyancy effect is very strong in the
present case. ‘

The following flow zones exist°

1) Weakly deflected plane jet in crossflow: The flow issuing
from the equivalent slot diffuser is 1n1t1a11y dominated by
the effluent momentum (jet-like) and is weakly deflected by
the ambient current. :

2) Weakly deflected planeiplume: After some distance the
discharge buoyancy becomes the dominating factor
(plume-like). The plume deflectlon by the ambient current is
still weak. :

3) Layer boundary 1mp1ngement / upstream spreading: The weakly
bent jet/plume impinges on the layer boundary (water surface
or pycnocline) at a near-vertical angle. After impingement.
the flow spreads in all dlrectlons (more or less radially)
along the layer boundary. In particular, the flow spreads
some distance upstream agalnst the ambient flow, and
laterally across the ambient flow. This spreading is
dominated by the strong buoyancy of the discharge.

*%% The zones listed above constltute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *%%
| ’ .

4) Buoyant spreading at layer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank
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or shoreline.

5) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth.
and in width. The plume may interact with the channel bottom
and/or banks. '

*%% Predictions will be terminated in zone -4 or 5 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. %% '

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 4 and 5) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 to 3) and the predictions will be termlnated at
this stage.

Such stagnant water predictions may be a useful initial mixing
1ndlcator for a glven site and discharge design.

For practical final predlctlons, however, the advectlon and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered. ‘

*************************************************************

FLOW CLASS MU2.

A unidirectional multiport diffuser with perpendicular
alignment 1is discharging into an ambient flow. Frequently,
this is called a  "co-flowing diffuser". The discharge
configuration is hydrodynamically '"unstable", that is the
dlscharge strength (measured by its momentum flux) is very
strong in relation to the layer depth and in relation to the
stabilizing effect of the dlscharge buoyancy (measured by its
buoyancy flux). Rapid vertical mixing takes place over the-
full layer depth.

The following flow'zones exist:

1) Acceleration zone for unidirectional coflowing diffuser:
The net horizontal momentum flux provided by the diffuser jets
leads to a wholescale acceleration of the ambient water, that
flows across the diffuser line leading to rapid entrainment
and mixing in this zone. The diffuser plume is mixed over the
full layer depth, and contracts laterally in the direction of
the flow (acceleration process). The length of this zone is
about one half the diffuser length.

2) Diffuser-induced plume in co-flow: The diffuser induced
momentum flux is still controlling the flow. However, lateral

173




|
entrainment and diffusion lead to a spreading of the diffuser
plume and additional mixing. The plume moves predominantly
in the direction of the ambient flow. At the beginning, the
plume is vertically mixed over, the full layer depth. At some
distance, stratification may take place depending on the
strength and direction of the plume buoyancy.

*%% The zones listed aboveiconstitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *%%*

3) Buoyant spreading at iayer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease durlng this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank
or shoreline. |

4) Passive ambient mixing:|After some distance the background
turbulence in the ambient shear flow becomes the domlnatlng
mixing mechanism. The passive plume is growing in depth
and in width. The plume mqy interact with the channel bottom
and/or banks. f '
*%% Predictions will be tefmlnated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%%% |

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated at
this stage.
}

Such stagnant water predlcélons may be a useful initial mixing
indicator for a given s1te and discharge des1gn.

For practical final predlctlons, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered.

****k******************i*********************************k***
FLOW CLASS MU3 '

A unidirectional multiport -diffuser with parallel alignment
(commonly called a "tee diffuser" is discharging into a weak
ambient flow. The | discharge configuration is
hydrodynamically "unstable", that is the discharge strength
(measured by its momentum flux) is very strong in relation to
the layer depth and in relation to the stabilizing effect of
the discharge buoyancy (measured by its buoyancy flux).

i
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The following flow zones exist:

1) Acceleration zone for unidirectional  co-flowing diffuser
(tee): The net horizontal momentum flux provided by the
diffuser ijets leads to a wholescale acceleration of the
ambient water, that is diverted across the diffuser 1line
leading to rapid entrainment and mixing in this zone.  The
diffuser plume is mixed over the full 1layer depth, and
contracts 1laterally in the direction of the flow
(acceleration process). The length of this zone is about one
half the diffuser length. Plume deflection by the ambient
current is insignificant.

2) Diffuser-induced plume in cross-flow: The diffuser induced
momentum flux is still controlling the flow. However, lateral
entrainment and diffusion lead to a spreading of the diffuser
plume and additional mixing. Initially, the plume is
cross-flowing, but it becomes progressively deflected into
the direction of the ambient flow. At the beginning, the
plume is vertically mixed over the full layer depth. At some
distance, stratification may take place depending on the
strength and direction of the plume buoyancy.

*%* The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *#%%

3) Buoyant spreading at layer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank
or shoreline. '

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth
and in width. The plume may interact with the channel bottom
and/or banks.

*%% Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *k%

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated at
this stage.

Such stagnant water predictions may be a useful initial mixing
indicator for a given site and discharge design.
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For practical final predictions, however, the advection and
diffusion of the ambient. flow -~ no matter how small in

magnitude -~ should be considered.
r

*****k*******************i***********************************
FLOW CLASS MU4 {

A unidirectional multiport'diffuser with parallel alignment
(commonly called a "tee diffuser" is discharging into a strong
ambient flow. The dlscharge configuration is-
hydrodynamically "unstable", that is the discharge strength

(measured by its momentum flux) is very strong in relation to
the layer depth and in relation to the stabilizing effect of
the discharge buoyancy (measured by its buoyancy flux). The-
ambient current is very strong in the present case. ’

The following flow zones exist:

1) Unidirectional cross- flOW1ng (tee) diffuser plume in strong
current: The strong ambient crossflow rapidly deflects the
diffuser induced plume flow. The diffuser plume is advected
in the direction of the ambient flow. This plume deflection
is associated with a recirculation zone at the downstream end
(lee) of the plume. The plume is vertically mixed over the

full layer depth in this zone. '

*%% The zones listed above constltute the HYDRODYNAMIC MIXING

ZONE in which strong 1n1t1ai mixing takes place. **#%

2) Buoyant spreading at layer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank -
or shoreline. f '

3) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the domlnatlngt
m1x1ng mechanism. The pa551ve plume is growing in depth
and in width. The plume may interact with the channel bottom
and/or banks. [

*%% Predictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF -
INTEREST. %%% }

!

| .
*************************************************'k***********'

FLOW CLASS MUS ;

A staged multiport diffusér[with predominantly perpehdidular ‘

|
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alignment is discharging into weak ambient flow.  The
discharge configuration is hydrodynamically "unstable", that
is the discharge strength (measured by its momentum flux) is
very strong in relation to the layer depth and in relation to
the stabilizing effect of the discharge buoyancy (measured by
its buoyancy flux).

The following flow zones exist:

1) Acceleration zone for staged diffuser: The net horizontal
momentum flux provided by the staged diffuser jets produces
strong lateral entrainment of the ambient water and gradual
acceleration along the diffuser line. A strong concentrated
current with vertical mixing over the full layer depth is set
up. This zone extends from the beginning to the end of the
diffuser line. ' ' '

2) Diffuser-induced plume in cross-flow: The diffuser induced
momentum flux is still controlling the flow. However, lateral
entrainment and diffusion lead to a spreading of the diffuser
plume and additional mixing. Initially, the plume is
cross-flowing, but it becomes progressively deflected into
the direction of the ambient flow. At the beginning, the
plume is vertically mixed over the full layer depth. At some
distance, stratification may take place depending on the
strength and direction of the plume buoyancy. '

*** The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. #%%

3) Buoyant spreading at layer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank
or shoreline. '

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth
and in width. The plume may interact with the channel bottom
and/or banks. '

*%%* Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. %%% ' ‘

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated at
this stage.
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Such stagnant water predlctlons may be a useful initial mixing
lndlcator for a given site‘and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered. ' '

I
*************************************************************

FLOW CLASS MU6 :
A staged multiport diffuser with perpendicular alignment is
discharging into a strong ambient flow. The discharge
configuration is hydrodynamlcally "unstable", that is the
dlscharge strength (measured by its momentum flux) is very
strong in relation to the 1ayer depth and in relation to the
stabilizing effect of the discharge buoyancy (measured by its
buoyancy flux). The ambient current is very strong in the
present case. ?

The following flow zones exist:

1) Staged perpendicular plume in strong current: The strong
ambient flow rapidly deflects the diffuser induced plunme.
Ambient water flows across the diffuser line, and the diffuser
plume is advected in the direction of the ambient flow. The
length of this zone is about one half of the dlffuser length.

*%* The zones listed above éonstitute the HYDRODYNAMIC MIXING
ZONE in which strong initi&l mixing takes place. %%

2) Buoyant spreading at layer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank
or shoreline. f
3) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume mnmay gnteract with the channel bottom
and/or banks.

I
*%% Predictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. %% |

B Y L L L T L R L T
FLOW CLASS MU7 'f
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A staged multiport diffuser with predominantly parallel
alignment is dlscharglng into an ambient flow. The dlscharge
configuration is hydrodynamically "unstable", that is the
dlscharge strength (measured by its momentum flux) is very
strong in relation to the layer depth and in relation to the
stabilizing effect of the discharge buoyancy (measured by
its buoyancy flux).

The following flow zones exist:

1). Acceleration zone for staged diffuser: The net horizontal
momentum  flux provided by the staged diffuser jets produces
strong lateral . entrainment of the ambient water and gradual
acceleration along the diffuser line. A strong concentrated
current with vertical mixing over the full layer depth is set
up. This zone extends from the beginning to the end of the
diffuser line. :

2) Diffuser-induced plume in co-flow: The diffuser induced
momentum flux is still controlling the flow. However, lateral
entrainment and diffusion lead to a spreading of the diffuser
plume and additional mixing. The plume moves predominantly
in the direction of the ambient flow. At the beginning, the
plume is vertlcally mixed over the full layer depth. At some
distance, stratification may take place dependlng' on the
strength and direction of the plume buoyancy.

*%% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *%%

3) Buoyant spreading at layer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank
or shoreline. :

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the domlnatlng
m1x1ng ‘ mechanism. The passive plume is growing in depth
and in width. The plume may interact with the channel bottom
and/or banks. ‘

%*%% Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST.Y %okk '

SPECIAIL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated at
this stage.
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Such stagnant water predictions may be a useful initial mixing
indicator for a given site .and discharge design.

For practical final predicfions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered. '

|

***************************&**********************************
FLOW CLASS MUS8

An alternating multiporé diffuser with predominantly
perpendicular alignment is;discharging into an ambient flow..
For this diffuser configuration the net horizontal momentum
flux is zero so that no significant diffuser-induced currents
are produced in the water bbdy. However, the local effect of
the dlscharge momentum flux is strong in relation to the layer
depth and in relation to the stabilizing effect of the
discharge buoyancy, so that the discharge configuration is
hydrodynamically "unstable".

The following flow zones exist:
1) Alternating perpendicular diffuser with unstable near-field
zone: The destabilizing effect of the discharge jets produces.
an unstable near- field zone. For stagnant or weak cross-flow
conditions, a vertical rec1rculatlon zone is being produced
leading to mixing over the ﬁull layer depth: however, the flow
tends to re-stratify outside this zone that extends a few
layer depths around the diffuser line. For strong
cross~flow, additional destratification and mixing are
produced. ’
?
or, alternatively, a second possibility ex1sts for strongly
buoyant discharges: { '

1) Near-vertical surface hmpingement, upstream spreading,

vertical mixing, and buoyant restratification: The
destabilizing effect of the discharge jets produces an
unstable near-field zone. For stagnant or weak cross~flow

conditions, a vertical recirculation zone is being produced
leading to mixing over the full layer depth: however, the
flow tends to re-stratify outside this zone that extends a
few layer depths around the diffuser 1line. In particular,
upstream spreading w1ll occur due to the strong buoyancy of
the discharge. f ’
*%% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. %=

2) Buoyant spreading at léyer boundary: The plume spreads
laterally along the layer boundary (surface or pycnocline)
|
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while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank
or shorellne.

3) Passive ambient mixing: After some dlstance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the channel bottom
and/or banks. '

*%% Predictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST., ~ *%%

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zZones 2 and 3) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zone 1) and the predictions will be terminated at this
stage. |

Such stagnant water predictions may be a useful initial mixing
indicator for a given site and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered. ' ’

Fkkkkhhkhkkhhhkhhhkhhkhhhhhhdkhhhkhrhhhrhhkrkhkhdhdhhdhhhkhhhhhhhk
FLOW CLASS MU9

An alternatlng multiport diffuser with predominantly parallel
alignment is discharging into an ambient flow. For this
diffuser configuration the net horizontal momentum flux is
zero so that no significant diffuser-induced currents are
produced in the water body However, the local effect of the
discharge momentum flux is strong in relation to the layer
depth and in relation to the stabilizing effect of the
discharge buoyancy, so that the discharge configuration is
hydrodynamically "unstable".

The folloWing flowvzones exist:

1) Near-vertical surface impingement, upstream spreading,

vertical mixing, and buoyant restratification: The
destabilizing effect of the discharge Jjets produces an
unstable near-field zone. For stagnant or weak cross-flow

conditions, a vertical recirculation zone is being produced
leading to mixing over the full layer depth: however, the
flow tends to re-stratify outside this zone that extends a
few layer depths around the diffuser line. In particular,
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upstream spreading will occur due to the. strong buoyancy of
the discharge. »

or, alternatively, for cdses with stronger crossflow:

1) Density current developlng along parallel diffuser line:
The plume develops along the diffuser line due to continuous
inflow of mixed buoyant water. The plume spreads laterally
along the layer boundary (surface or pycnocline) which it is
being advected by the ambient current. The mixing rate is
relatively small. This zone extends from beginning to end of
the diffuser line. f :
[

*%% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong'initiaﬁ mixing takes place. k%%

2) Buoyant spreading at . layer boundary: The plume spreads
laterally along the layer 'boundary (surface or pycnocline)
while it is being advected by the ambient current. The plume
thickness may decrease during this phase. The mixing rate is
relatively small. The plume may interact with a nearby bank
or shoreline. : ' ‘

3) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
m1x1ng mechanism. The passive plume is growing in depth and
in width. The plume may interact with the channel bottom
and/or banks. : ,
*#*% Predictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%%*

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient' flow (zZones 2 and 3) cannot be
considered. The mixing is llmlted to the hydrodynamic mixing
zone (zone 1) and the predletlons will be terminated at this
stage. |

. I '
Such stagnant water predlctions may be a useful 1n1tial mixing

For practical final predlctlons, however, the advection and
diffusion of the ambient flow - no. matter how small in
magnitude - should be considered.

!

***************************&*********************************
FLOW CLASS MNU1l ‘

A submerged negatively buoyant effluent issues the discharge
port. The discharge conflguratlon is hydrodynamically
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"stable", that is the discharge strength (measured by its
momentum flux) is weak in relation to the layer depth and in
relation to the stabilizing effect of the negative discharge
buoyancy (measured by its buoyancy flux). The ambient
current is scale in this case. '

The following flow zones exist:

1) Negatively buoyant line plume: The flow issuing from the
equivalent slot diffuser is dominated by the negative effluent
buoyancy Depending on vertical discharge angle, the flow may
rise somewhat; but due to the strong buoyancy, it will qulckly
descend to the bottom. The 1length of this region is
controlled by the jet to plume length scale.

2) Bottom boundary impingement / upstream spreading: The
weakly bent jet/plume impinges on the bottom boundary at a
near-vertical angle. After impingement the flow spreads more
or less radially along the bottom. In particular, the flow
spreads some distance upstream against the ambient flow, and
laterally across the ambient flow. = This spreadlng is
dominated by the strong buoyancy of the discharge.

**% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE “in which strong initial mixing takes place. **%

3) Buoyant spreadlng at bottom boundary. The plume spreads
laterally along the bottom while it is being advected by the
ambient current. The plume thickness may decrease during this
phase. The mixing rate is relatively small. The plume may
interact with a nearby bank or shoreline. ‘ ' :

4) Passive ambient mixing: After some dlstance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the layer surface
and/or banks. '

*%% Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *kk ‘

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated at
this stage.

Such stagnant water predictions may be a useful initial mixing
indicator for a given site and discharge design.

For practical final predictions, however, the advection and
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diffusion of the ambient flow - no matter how small in
magnitude - should be considered.

S R e T T T T T T
FLOW CLASS MNU2 ~

A submerged negatlvely buoyant effluent issues either
horizontally or vertically from the discharge port. The
effect of ambient ve1001ty is relatively strong.:

Alternatively, this flow may arise - even though the discharge
may be positively buoyant - when the discharge is oriented
downward and is arrested near the bottom by some ambient
stratification. :

The discharge conflguratlon is hydrodynamlcally "‘table" “that
is the discharge strength (measured by its momentum flux).is
weak in relation to the layer depth and in relation to the
stabilizing effect of the negative discharge buoyancy
(measured by its buoyancy;flux). : ‘ :

The following flow zones exist:

1) Weakly deflected plane jet in crossflow: The flow issuing
from the equivalent slot diffuser is inltlally dominated by
the effluent momentum (]et llke) and is weakly deflected by
the ambient current.

2) Strongiy deflected plane jet in crossflow: The jetfhas
become strongly deflected by the ambient current and is
slowly rising toward the|trapping level.

3) Strongly deflected plane plume: After some distance, the
plume buoyancy starts to affect the flow. The plume is
slightly deflected by the current and is slowly descending
towards the bottom level.:

4) Bottom layer approachﬁ The bent-over submerged jet/plume
approaches the terminal level. Within a short distance the
concentration distribution becomes relatively unlform across
the plume width and thickness.

oxr ;
4) Density current developlng along parallel diffuser line:
The plume develops alongithe diffuser line due to continuous
inflow of mixed buoyant water. The plume spreads laterally
along the layer boundary (bottom) while it is being advected
by the ambient current. The mixing rate is relatively small.

This zone extends from beglnnlng to end of the dlffuser llne.
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*%*% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. **%*

5) Buoyant spreading at bottom boundary: The plume spreads
laterally along the bottom while it is being advected by the
ambient current. The plume thickness may decrease during this
phase. The mixing rate is relatively small. The plume mnmay
- interact with a nearby bank or shoreline.

6) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
- mixing mechanism. The passive plume is growing in depth and
- in width. The plume may interact with the layer surface
- and/or banks.

%*%% Predictions will be terminated in zone 5 or 6 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST.  *%% v :

khhhkkhkhhhhhkhkhkhrhhkhhkhrkhrhhhhhhhdhhhhhdhhhhhhhdhhkhdhhhhn
FLOW CLASS MNU3 ‘

A submerged negatively buoyant effluent issues from a
unidirectional diffuser that may have an arbitrary alignment
relative to the weak ambient current.

The discharge configuration is hydrodynamically "stable", that
is the discharge strength (measured by its momentum flux) is
weak in relation to the layer depth and in relation to the
stabilizing effect of the negative discharge buoyancy
(measured by its buoyancy flux). The ambient . current is
scaled in this case. As a consequence, the mixed effluent
will form a layer near the bottom of the ambient layer.
_However, the total momentum flux in this case is large enough
to induce a significant current flow in this bottom layer.

The following flow zones exist:

1) Weakly deflected (2-D) wall jet: The flow issuing
.horizontally from the equivalent slot diffuser adheres to the
bottom and spreads vertically through turbulent diffusion. A
gradual deflection by the ambient current takes place.

2) Diffuser-induced bottom density current: Driven by the
horizontal net momentum flux a bottom density current will
propagate forward while spreading laterally with small
mixing. This current is further - deflected by the ambient
flow into the downstream direction.

*#%% The zones listed above constitﬁte the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *#*=*
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3) Buoyant spreading at bottom boundary° ‘The plume spreads
laterally along the bottom while it is being advected by the
ambient current. The plume thickness may decrease during this
phase. The mixing rate is relatively small. The plume may
interact with a nearby bank or shoreline.

4) Passive ambient mixing:fAfter some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the layer surface
and/or banks. *

P

*%% Predictions will be terminated in zone 3 or 4 dependlhg on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%%* i : ‘

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot. be
considered. The mixing is limited to the hydrodynamic mixing
zZzone (zones 1 and 2) and the predictions will be terminated at
this stage. |

Such stagnant water predictions may be a useful initial m1x1ng
indicator for a given 51te;and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered. S

*************************************************************
FLOW CLASS MNU4 ‘

A submerged negatively buoyant effluent issues from a
unidirectional diffuser that may have an arbltrary allgnment
relative to the strong ambient current. ,

The.dlscharge conflguratlonlls hydrodynamically "stable", that
is the discharge strength (measured by its momentum flux) is
weak in relation to the layer depth and in relation to the
stabilizing effect of the negative discharge buoyancy
(measured by its buoyancy* flux). The ambient current is
scaled in this case. As a consequence, the mixed effluent
will form a layer near the bottom of the ambient layer.
However, the total momentum flux in this case is large enough
to lnduce a significant current flow in this bottom layer.:

The following flow zones eglst:
1) Weakly deflected (2~ ﬁ) wall jet: The flow 1ssu1ng

horizontally from the equivalent slot diffuser adheres to the
bottom and spreads vertically through turbulent diffusion. A
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gradual deflection by the ambient current takes place.

*#%* The zones listed above constitute the HYDRODYNAMIC MiXING
ZONE in which strong initial mixing takes place. **%*

2) Buoyant spreading at bottom boundary: The plume spreads
laterally along the bottom while it is being advected by the
ambient current. The plume thickness may decrease during this
phase. The mixing rate is relatively small. The plume may
interact with a nearby bank or shoreline. '

3) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the layer surface
and/or banks.

%*%% Predictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *k%

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 2 and 3) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zone 1) and the predictions will be terminated at this
‘stage. ‘

Such stagnant water predictions may be a useful initial mixing
indicator for a given site and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered.

kdkkkhkhhhkhhhhhkrhr kb hrdrhhhhhhrkhhhhhhbhdhhdhdkdhrhrhkrhdhhhhhkdik
FLOW CLASS MNU5

A submerged negatively buoyant effluent issues from a staged
diffuser that may have an arbitrary alignment relative to the
weak ambient current.

The discharge configuration is hydrodynamically "stable", that
is the discharge strength (measured by its momentum flux) is
weak in relation to the layer depth and in relation to the
stabilizing effect of the negative '~ discharge buoyancy
(measured by its buoyancy flux). The ambient current is
scaled in this case. As a consequence, the mixed effluent
will form a layer near the bottom of the ambient layer.
However, the total momentum flux in this case is large enough
to induce a significant current flow in this bottom layer. -
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The following flow zones exist:
i .

1) Negatively buoyant staged acceleration zone: The negatively
buoyant flow issuing from ﬁhe equivalent slot diffuser and in
the direction of the diffuser line adheres to the bottom and
spreads laterally through turbulent diffusion. The vertical
thickness of this flow zone is given by the jet to plume
length scale, and it extenés over the full diffuser length.

2) Weakly deflected (3-D) wall jet: The flow issuing
horizontally from the equivalent slot diffuser adheres to the
bottom and spreads vertically through turbulent diffusion. A
gradual deflection by the ambient current takes place.

3) Diffuser-induced bottom density current: Driven by the
horizontal net momentum flux a bottom density current will
propagate forward while! spreading laterally with small
mixing. This current is further deflected by the ambient
flow into the downstream direction. °

*%% The zones listed abovegconstitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. %% '

4) Buoyant spreading at bottom boundary: The plume spreads
laterally along the bottom while it is being advected by the
ambient current. The plume thickness may decrease during this
phase. The mixing rate is relatively small. The plume may
interact with a nearby bank or shoreline.

5) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the layer surface
and/or banks. | ’ : ’ '
|
*%% Predictions will be terﬁinated in zone 4 or 5 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. * %k : '

SPECIAL CASE: If the ambiegt is stagnant, then advection and
diffusion by the ambient |flow (zones 4 and 5) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 to 3) and the predictions will be terminated at
this stage. ; ' ' .

Such stagnant water predictions may be a useful initial mixing
indicator for a given site 'and discharge design.

For practical final predictions, hdweVer,‘the advection and
diffusion of the ambient flow - no matter how small in
magnitude ~ should be considered.
|
I
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FLOW CLASS MNU6

A submerged negatively buoyant effluent issues from a staged
diffuser that may have an arbitrary alignment relative to the
strong ambient current.

The discharge configuration is hydrodynamically "stable", that
is the discharge strength (measured by its momentum flux) is
weak in relation to the layer depth and in relation to the
stabilizing effect of the negative discharge buoyancy
(measured by its buoyancy flux). The ambient current is
scaled in this case. As a consequence, the mixed effluent
will form a layer near the bottom of the ambient layer.
However, the total momentum flux in this case is large enough
to induce a significant current flow in this bottom layer.

The following flow zones exist:

1) Negatively buoyant staged acceleration zone: The negatively
buoyant flow issuing from the equivalent slot diffuser and in
the direction of the diffuser line adheres to the bottom and
spreads laterally through turbulent diffusion. The vertical
‘thickness of this flow zone is given by the jet to plume
length scale, and it extends over the full diffuser length.

2) Weakly deflected (3-D) wall Jet: The flow issuing
horizontally from the equivalent slot diffuser adheres to the
bottom and spreads vertically through turbulent diffusion. A
gradual deflection by the ambient current takes place.

‘%%% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. **%*

3) Buoyant spreading at bottom boundary: The plume spreads
laterally along the bottom while it is being advected by the
ambient current. The plume thickness may decrease during this
phase. - The mixing rate is relatively small. The plume may
interact with a nearby bank or shoreline. :

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the layer surface
and/or banks. :

x%%* Predictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. %ok '

SPECIAL CASE: If the ambient is staghant, then advection and

189




|

| :
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated
at this stage. ;

Such stagnant water predictions may be a useful initial mixing
indicator for a given site jand discharge design. .

For practical final predicﬁions, however, the advection and.
diffusion of the ambient flow - no matter how small in
magnitude - should be considered. . :

'
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FLOW CLASS MNU7 [

A unidirectional multiport diffuser with perpendicular
alignment is discharging into an ambient flow. Frequently,
this is called a "co-flowing diffuser". The discharge
configuration is hydrodynamically "unstable", that is the
discharge strength (measured by its momentum flux) is very
strong in relation to the léyer depth and in relation to the
stabilizing effect of the discharge buoyancy (measured by its
buoyancy flux). Rapid vertical mixing takes place over the
full layer depth. i

}
The following flow zones exﬁst:
1) Acceleration zone for unidirectional coflowing diffuser:
The net horizontal momentum flux provided by the diffuser jets
leads to a wholescale accelQration of the ambient water, that
flows across the diffuser line leading to rapid entrainment
and mixing in this zone. The diffuser plume is mixed over the
full layer depth, and contracts laterally in the direction of
the flow (acceleration process). The length of this zone is
about one half the diffuser;length.

2) Diffuser-induced plume in co-flow: The diffuser induced
momentum flux is still controlling the flow. However, lateral
entrainment and diffusion lead to a spreading of the diffuser
plume and additional mixing. The plume moves predominantly
in the direction of the ambient flow. At the beginning, the
plume is vertically mixed over the full layer depth. At some
distance, stratification may take place depending on the

3

strength and direction of the plume buoyancy.

**%%* The zones listed above cénstitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *%=*

3) Buoyant spreading at layer bottom: The plume spreads
laterally along the layer boundary (bottom) while it is being
advected by the ambient current. The plume thickness may
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decrease during this phase. The mixing rate is relatively
small. The plume may interact with a  nearby bank or
shoreline.

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth
and in width. The plume may interact with the channel bottom
and/or banks. -

Fk ok Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. % %k

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be terminated at
this stage.

Such stagnant water predictions may be a useful initial mixing
indicator for a given site and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered.

Fekdhkhkhhhkkhhkkhhkk ko hhhhkhkhhhrhhrhdhhhhhhhhhhhdhhhdhhhhddhdhkd
FLOW CLASS MNUS8

A unidirectional multiport diffuser with parallel alignment
(commonly called a "tee diffuser" is discharging into a weak
ambient = flow. The discharge configuration is
_hydrodynamically "unstable"”, that is the discharge strength
(measured by its momentum flux) is very strong in relation to
the layer depth and in relation to the stabilizing effect of
the discharge buoyancy (measured by its buoyancy flux).

The following flow 2zones exist:

1) Acceleration zone for unidirectional co-flowing diffuser
(tee): The net horizontal momentum flux provided by the
diffuser Jjets leads to a wholescale acceleration of the
ambient water, that is diverted across the diffuser 1line

leading to rapid entrainment and mixing in this zone. The
diffuser plume is mixed over the full layer depth, and
contracts =~ laterally in the direction of the flow
(acceleration process). The length of this zone is about one "

half . the diffuser length. Plume deflection by the ambient
current is;finsignificant.
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2) Diffuser-induced plume in cross-flow: The diffuser induced
momentum flux is still controlling the flow. However, lateral’
entrainment and diffusion lead to a spreading of the diffuser
plume and additional mixing. Initially, the plume is
cross—flowing, but it becomes progressively deflected into
the direction of the amblept flow. At the beginning, the
plume is vertically mixed over the full layer depth. At some
distance, stratification may take = place depending on the
strength and direction of the plume buoyancy.

*%%* The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *#%%

3) Buoyant spreading at layer bottom: The plume spreads
laterally along the layer beundary (bottom) while it is being
advected by the ambient current.‘ The plume thickness nay

decrease during this phase. The mixing rate is relatively
small. The plume may interact with . .a . nhearby bank or
shoreline. ] ' S

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominatihg
nmixing mechanism. The passive plume is growing in depth
and in width. The plume may interact with the channel bottom
and/or banks.

*%% Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or ‘the REGION OF
INTEREST. %%

SPECIAL CASE: If the ambient is stagnant, then advectlon and
diffusion by. the ambient flow (zones 3 and 4) cannot be
considered. The mixing is 1im1ted to the hydrodynamic mixing
zone (zones 1 and 2) and the;predictions will be terminated at
this stage. %
Such stagnant water predlctﬂons may be a useful 1n1t1al m1x1ng
indicator for a given site and discharge design. i

For practical final predictions, however, the advectibh and
diffusion of the ambient flow - no matter. how small in
magnitude - should be considered. . ’ _

*************************************************************
FLOW CLASS MNU9

A unidirectional multiport diffuser with parallel alignment
(commonly called a "tee diffuser" is discharging into a strong
ambient - flow. The ,‘ dlscharge configuration ' is
hydrodynamically "unstable", that is the dlscharge strength
(measured by its momentum flux) is very strong in xelatlon to

|
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the layer depth and in relation to the stabilizing effect of
the discharge buoyancy (measured by its buoyancy flux). The
ambient current is very strong in the present case.

The:folldwingtflow zones exist:

1) Unidirectional cross-flowing (tee) diffuser plume in strong
current: The strong ambient crossflow rapidly deflects the
diffuser induced plume flow. The diffuser plume is advected
in the direction of the ambient flow. This plume deflection
is associated with a recirculation zone at the downstream end
(lee) of the plume:. The plume is vertically mixed over the
full layer depth in this zone.

*%% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *%*’

2) Buoyant spreading at layer bottom: The plume spreads
laterally along the layer boundary (bottom) while it is being
advected by the ambient current. The plume thickness may

decrease during this phase. The mixing rate is relatively
small. The plume may interact with a - nearby bank or

shoreline.

3) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing. mechanism. The passive plume is growing in depth
and in width. The plume may interact with the channel bottom
and/or banks. .

**% Predictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. %% o , : ”

*************************************************************
FLOW CLASS MNU10 ‘ '

A staged multiport diffuser with predominantly perpendicular
alignment is discharging into weak ambient flow. The
discharge configuration is hydrodynamically "unstable", that
is the discharge strength (measured by its momentum flux) is
very strong in relation to the layer depth and in relation to
the stabilizing effect of the discharge buoyancy (measured by
its buoyancy flux). ' '

The following flow zones exist:

1) Acceleration zone for staged diffuser: The net horizontal
momentum flux provided by the staged diffuser Jjets produces
strong lateral entrainment of the ambient water and gradual
acceleration along the diffuser line. A strong concentrated
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current with vertical m1x1n§ over the full layer depth is set
up. This zone extends from the beginning to the end of the
diffuser line.

2) Diffuser-induced plume in cross-flow: The diffuser induced
momentum flux is still contrplling the flow. However, lateral
entrainment and diffusion lead to a spreading of the diffuser
plume and additional mixing. Initially, the plume is
cross—flowing, but it becomes progressively deflected into
the direction of the ambient flow. At the beginning, the
plume is vertically mixed oVer the full layer depth. At some
distance, stratification may take place depending on Lhe
strength and direction of the plume buoyancy.

**% The zones listed above qustltute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *¥%%

3) Buoyant spreading at 1ayer bottom: The plume spreads
laterally along the layer boundary (bottom) while it is being
advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may 1nteract with a nearby bank or
shoreline. ' ‘

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the domlnatlng
mixing mechanism. The pa551ve plume is growing in depth
and in width. The plume may interact with the channel bottom

and/or banks. E

*%%% Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *%%%

t
I
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SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zones 1 and 2) and the predictions will be termlnated at
this stage. :

i
Such stagnant water predictions may be a useful initial m1x1ng
indicator for a given site and discharge de51gn.

‘ . ,
For practical final predlctlons, however, the advection and
diffusion of the ambient 6 flow - no matter how small in
magnitude - should be considered. . ’

|

***************************?*********************************
FLOW CLASS MNU1l1l

| , , .
A staged multiport diffuser with perpendicular alignment is
i
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discharging into a strong ambient flow. The discharge
configuration is hydrodynamically "unstable", that is the
discharge strength (measured by its momentum flux) is very
strong in relation to the layer depth and in relation to the
stabilizing effect of the discharge buoyancy (measured by its
buoyancy flux). The ambient current is very strong in the
present case. ' -

The follbwing flow zones exist:

1) . Staged perpendicular plume in strong current: The strong
ambient flow rapidly deflects the diffuser induced plume.
Ambient water flows across the diffuser line, and the diffuser
plume is advected in the direction of the ambient flow. The
length of this zone is about one half of the diffuser length.

*%%* The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. *%%*

2) Buoyant spreading at layer bottom: The plume spreads
laterally along the layer boundary (bottom) while it is being
advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may interact with a nearby bank or
shoreline. ’

3) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the channel bottom
and/or banks. o s ' '

%*%% Predictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. %%k ' o -

***;*‘********’***********:‘e********’*****************************
FLOW CLASS MNU12 '

A staged multiport diffuser with predominantly parallel
alignment is discharging into an ambient flow. The discharge
configuration is hydrodynamically mynstable", that is the
discharge strength {(measured by its momentum flux) is very
strong in relation to the layer depth -and in relation  to the
stabilizing effect of the discharge buoyancy (measured by
its buoyancy flux). '

Thé‘following‘fiow zones exist:

1) Acceleration zone for staged diffuser: The net horizontal
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momentum flux provided by ithe staged diffuser jets produces
strong lateral entralnment of the ambient water and gradual
acceleration along the dlffuser line. A strong concentrated
current with vertical m1x1ng over the full layer depth is set
up. This zone extends from the beginning to the end of the
diffuser line. | .
2) Diffuser-induced plume in co-flow: The diffuser induced
momentum flux is still controlling the flow. However, lateral
entrainment and diffusion lead to a spreading of the diffuser
plume and additional m1x1ng. The plume moves predominantly
in the direction of the ambient flow. At the beginning, the
plume is vertically mixed over the full layer depth. At some
distance, stratification may take place depending on the
strength and direction of tthe plume buoyancy.
**% The zones listed above constitute the HYDRODYNAMIC‘MIXING
ZONE in which strong initial mixing takes place. *#%*

|
3) Buoyant spreading at layer bottom: The plume spreads
laterally along the layer boundary (bottom) while it is being

advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may 1nteract ‘'with a nearby bank or
shoreline.

4) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the domlnatlng
m1x1ng mechanism. The passive plume is growing in depth
and in width. The plume may interact with the channel bottom
and/or banks. |

*%%* Predictions will be terminated in zone 3 or 4 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. %% I

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zones 3 and 4) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone {(zones 1 and 2) and the predictions will be termlnated at
this stage. ;

I
i

Such stagnant water predictions may be a useful 1n1t1al mixing
indicator for a given site and discharge design.

For practical final predlctlons, however, the advection and
diffusion of the ambient' flow - no matter how small in
magnitude -~ should be considered. '

|
*****k*********************L**************************A*******
FLOW CLASS MNU13
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An’ alternatlng multlport diffuser .with predominantly
perpendicular alignment is discharging into an ambient flow.
For this diffuser configuration the net horizontal momentum
flux is zero so that no significant diffuser-induced currents
are produced in the water body. However, the local effect of
the dlscharge momentum flux is strong in relation to the layer
depth and in relation to the stabilizing effect of the
discharge buoyancy, so that the dlscharge conflguratlon is
hydrodynamlcally "unstable“

The following flow zones exist:

1)‘Alternatlng'perpendlcular diffuser with unstable near-~field
zone: The destabilizing effect of the discharge jets produces
an unstable near- field zone. For stagnant or weak cross-flow
conditions, a vertical recirculation zone is being produced
leading to mixing over the full layer depth: however, the flow
tends to re-stratify outside this zone that extends a few
layer depths around the diffuser line. For strong
cross-flow, additional destratification and mixing are
produced. ’ ' ' ‘

or, alternatively, a second possibility exists for strongly
buoyant discharges: '

1) Near-vertical surface impingement, upstream spreading,
vertlcal nmixing, and buoyant restratification: . The
destabilizing effect of the dlscharge jets produces an
unstable near-field zone. For stagnant or weak cross-flow
conditions, a vertical recirculation zone is being produced
leading to mixing over the full layer depth: however, the
flow tends to re-stratify outside this zone that extends a
few layer depths around the diffuser 1line. In particular,
upstream spreading will occur due to the strong buoyancy of
the discharge.

%**% The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE in which strong initial mixing takes place. %%

2) Buoyant spreadlng' at layer bottom: The plume spreads
laterally along the layer boundary (bottom) while it is being
advected by the ambient current. The plume thickness may
decrease during this phase. The mixing rate is relatively
small. The plume may interact with a nearby bank or
shorellne.

3) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
m1x1ng mechanism. The passive plume is growing in depth and
in width. The plume may interact with the channel bottom
and/or banks. :




*%% Predictions will be termmnated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. k%% ‘

|
SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion by the ambient flow (zZones 2 and 3) cannot be
considered. The mixing is limited to the hydrodynamic mixing
zone (zone 1) and the predlctlons will be termlnated at this
stage. :

Such stagnant water predictions may be a useful initial mixing
indicator for a given site and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow -~ no matter how small in
magnitude - should be considered. A

i . . .
***************************:I!*********************************

FLOW CLASS MNU14 i

An alternatlng'multlport diffuser with predominantly parallel
alignment is discharging into an ambient flow. For this
diffuser configuration the ‘net horizontal momentum flux is
zero so that no significant diffuser-induced currents are
produced in the water body. However, the local effect of the
discharge momentum flux is strong in relation to the layer
depth and in relation to | the stabilizing effect of the
discharge buoyancy, so that the dlscharge conflguratlon is
hydrodynamically "unstable"

The following flow zones ex;st:

1) Near-vertical surface impingement, upstream spreading,

vertical mixing, and buoyant restratification: The
destabilizing effect of the discharge Jjets produces an
unstable near-field zone. For stagnant or weak cross-flow

conditions, a vertical recirculation zone is being produced
leading to mixing over the full layer depth: however, the
flow tends to re-stratify outside this zone that extends a
few layer depths around the diffuser line. In particular,
upstream spreading will occur due to the strong buoyancy of
the discharge.

or, alternatively, for cases with stronger crossflow:

1) Density current developing along parallel diffuser 1line:
The plume develops along the diffuser line due to continuous
inflow of mixed buoyant Water. The plume spreads laterally
along the layer boundary (surface or pycnocline) which it is
being advected by the ambient current. The mixing rate is
relatively small. This zone extends from beginning to end of
|
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the diffuser liﬁe.
*%%* The zones listed above constitute the HYDRODYNAMIC MIXING
ZONE 'in which strong initial mixing takes place. *%%*

2) Buoyant spreading at layer bottom: The plume spreads
laterally along the layer boundary (bottom) while it is being
advected by the ambient current. The plume thickness may

decrease during this phase. The mixing rate is relatively
small. The plume may interact with a nearby bank or
shoreline. : '

3) Passive ambient mixing: After some distance the background
turbulence in the ambient shear flow becomes the dominating
mixing mechanism. The passive plume is growing in depth and
in width. The plume may interact with the channel bottom
and/or banks.

*%% DPredictions will be terminated in zone 2 or 3 depending on
the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. % k%

SPECIAL CASE: If the ambient is stagnant, then advection and
diffusion. by the ambient flow (zones 2 and 3) cannot be
considered. The mixing is limited to the hydrodynamic mixing:
zone (zone 1) and the predlctlons will be termlnated at this
stage.

Such stagnant water predictions may be a useful 1n1t1a1 mixing
indicator for a given site and discharge design.

For practical final predictions, however, the advection and
diffusion of the ambient flow - no matter how small in
magnitude - should be considered. - ’
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Appendix C: Design Recommendations
|

************************************************************'
DESIGN RECOMMENDATIONS AND GENERAL ADVICE:

A reliable environmental analys1s and m1x1ng zone prediction
is possible only if each des1gn case is evaluated through
several iterations of CORMIX. Small changes in ambient or
dlscharge design conditions Can sometimes cause drastic shifts
in the appllcable.flow conflguratlon (flow class) and the size
or appearance of mixing zones. Iterative use of CORMIX will
give information on the sens1t1v1ty of predicted results on
design and ambient condltlons. ‘

Each predictive case should:be carefully assessed as to:
- size and shape of LMZ, ! .

- conditions in the TDZ (1f present),

- bottom impact of the dlscharge flow,

- water surface exposure,

- bank attachment, and other factors.

In general, iterations should be conducted in the following
order: ? :

A) Diffuser design changes (geometry varlatlons),

B) Sensitivity to ambient conditions, and

C) Discharge flow changes (process variations).

When investigating these variations the CORMIX user will
quickly appreciate the fact. that mixing conditions at short
distances (near-field) are usually quite sensitive and
controllable. In contrast, mixing conditions at large
distances (far-field) often show little sensitivity unless the
ambient conditions change substantially or drastic process
variations are introduced. ;

A) DIFFUSER DESIGN CHANGES (GEOMETRY VARIATIONS)

Most of the follow1ng recommendatlons are motlvated by the
desire for 1mprov1ng conditions in the applicable mixing zones
(i.e. minimizing concentratlons and/or areal extents):

1) Diffuser locatlon' Con51der mov1ng the outfall further
offshore to a larger water depth in order to delay flow
interaction with the bank/shore, and to 1mprove near-field
mixing. . :

2) Diffuser type: The dlffuser type is dictated by its
nozzle/port arrangement (angles THETA and BETA with or without
fanning) and its al;gnment‘(angle GAMMA) relative to the
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current. Many combinations are possible (see also the advice
on discharge conditions in DATIN). No hard and fast rules can
be given on the most desirable type and arrangement. The
diffuser choice is often dictated by local bathymetry '‘and
other conditions, e.g. clearances for navigation or fishing.

Performance features for the three major types are:

A. UNIDIRECTIONAL DIFFUSER: :

This type has a directed net momentum input. It tends to
produce strong currents in the receiving water,
especially under shallow conditions, often associated
with benthic impacts. A fanned-out port/nozzle design
variable BETA) usually gives somewhat improved dilutions.

Perpendicular alignment ("co-flowing diffuser"):
This is the preferred type for non-reversing flows,
as in rivers and in some coastal conditions. Note
that in riverine situations the river flow provides
an upper limit on the achievable dilution.

Parallel alignment ("tee diffuser"): This
‘alignment may be acceptable for weak reversing
coastal flows to provide offshore transport for the
diffuser plune. It provides poor mixing under
strong current conditions. :

B. STAGED DIFFUSER: ‘ . ‘

This type also provides a directed momentum input.
Hence, it can lead to strong induced currents, with
plume contact at the bottom. ‘

Perpendicular alignment: This is a good

arrangement for shallow water conditions in the.
coastal environment under weak or strong reversing

currents. Under weak currents it gives good

offshore transport, and it efficiently captures the '
ambient flow under strong current conditions.

Parallel alignment: Generally not advantagecus;

C. ALTERNATING DIFFUSER: ’

This type has no directed net momentum input.. Its
dilution efficiency is mostly dictated by its buoyancy
flux and by the ambient current. It usually has the
least benthic impact. A fanned-out (variable BETA) will
give somewhat improved dilutions especially under shallow
water conditions. :

Perpendicular alignment: This is the preferred

arrangement for deep water (e.g. sewage) diffusers
in coastal environments with variable currents and
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stratification. It may also be advisable for more’
shallow conditions if minimal influences on the
ambient regime current are desired.

oo -
Parallel alignment: May be desirable because of
bathymetric or navigational reasons. S

L ,
3) Diffuser length: By and ‘1arge, a longer diffuser will give
better dilutions. However, this may not be the 'case for
diffusers in parallel alignment, especially with strong
ambient currents. Also keep in mind the dilution limitations
given by the total flow in riverine situations. Typically, an-:
alternating type will reqt‘;ire a longer diffuser than the
unidirectional or staged type in order to achieve the same
near-field mixing. i
4) Number of ports/nozzles and port/nozzle diameter (discharge"
velocity): Remember that for a given discharge flow rate the
port area and discharge velocity are inversely related: a
small discharge port implies a high discharge velocity, and a
consequently high discharge 'momentum flux. Typically, a high
velocity discharge will magimize near-field mixing. Note,
however, that high velocity discharges a) may lead to unstable
near-field flow configurations perhaps involving undesirable
nixing patterns, and b) usually have little, if any, effect on’
dilutions over the far-field where a LMZ may apply.. Discharge
velocities in typical engineering designs may range from 3 m/s.
to 8 m/s. Very high velocities may lead to excessive pumping
energy requirements. Very low velocities (less than 0.5 m/s)’
may lead to undesirable sediment accumulation within the
discharge pipe or tunnel. . : ‘ ‘
5) Port/riser spacing: Given the other constraints on-
diffuser mixing (i.e. diffuser length and discharge velocity)
the spacing is a dynamically unimportant variable that has a
limited effect on overall mixing. However, the spacing plays’
a role in the merging process of the individual jets/plumes,
and thus may affect the very initial mixing, e.g. as of
interest in toxic dilution zone (TDZ) predictions. As a rough
rule, merging takes place after a distance along the plume
path of about three to five spacings. ~ If the TDZ is
encountered before then, additional single jet/plume
predictions, using CORMIX1, may be needed. :

. | S
6) Port height: In most cases, this ‘is a dynamically"

unimportant parameter. However,  there are important
exceptions: For negatively buoyant discharges, the port "’

height may control the amcunt of initial mixing prior to
benthic contact. More generally, for deep water discharges
the port height to water depth ratio has some effect on
initial mixing. Finally, in the presence of crossflow, the:
port height influences the stability of the discharge, i.e..
202
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the distinction between deep and shallow water discharges.

B) SENSITIVITY TO AMBIENT CONDITIONS:

Variations - of the order of 25 percent =-. of the following
ambient design conditions should be considered:
- ambient velocity (or ambient flowrate),
- ambient depth (or river/tidal stage), and .
- ambient density structure (notably density differences).
Such variability is important for two reasons: :
1) the usual uncertainty in ambient environmental data, and
2) the schematization employed by CORMIX1. S

Please refer to the detailed advice on the specification of
environmental data, including the density structure, that is
available in program element DATIN. In particular, note the
advisory comments on stagnant ambient conditions. :

C) DISCHARGE FLOW CHANGES (PROCESS VARIATIONS):

Actual process changes can result in variations of one or more
of three parameters associated with. the discharge: flowrate,
density, or pollutant concentration. In some cases, such
process changes may be difficult to achieve or too costly.
Note, - that "off-design" conditions in which a. discharge
operates below its full capacity also fall into this category..

1) Pollutant mass flux: The total pollutant mass flux is the
product of discharge flow (m*%*3/s) times the discharge
pollutant concentration (in arbitrary units). Thus,
decreasing the pollutant mass flux will, in general, decrease
the resulting pollutant concentration in the near-field and
far-field. This occurs, of course, during off-design
conditions. : .

2) Discharge flow: For a given pollutant mass flux, an
increase in discharge flow implies an increase ‘in discharge
pollutant concentration, and vice versa. . For the variety of
flow classes contained in CORMIX2 there is no universal rule
whether high or low volume discharges are preferable for
optimizing near-field mixing. Mostly, the sensitivity is
small, and even more so for far-field effects. Note-:that a
change in discharge flow will influence, ~in turn, the
discharge velocity and hence the momentum flux. :

3) Discharge density: The actual density of the discharge flow
controls the buoyancy effects relative to the ambient water.
Occasionally, the discharge density is controllable through
the amount of process heating or cooling occurring prior to
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discharge. Usually, near-field mixing is enhanced by
maximizing the total density difference (positive or negative)

between discharge flow and ambient water. In most cases,
however, this effect is minor.
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