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MEMORANDUM 

SUBJECT: Final Technical Guidance Manual For Performing Wasteload 
Allocations: Book III, Estuaries, Parts 3 and 4 

FROM: Tudor T. Davies, Director 
Office of Science and Technology (WH-551) 

TO: Regional Water Management Division Directors 
Regional Environmental Services Division Directors 
Regional TMDL/WLA Coordinators 

Attached, for national use, is the final version of the 
Technical Guidance Manuals for Performing Wasteload Allocations: 
Book III, Estuaries, Parts 3 and 4. Parts 1 and 2 were finalized 
during FY 91 and have been in distribution ever since for national 
use. We are sending extra copies of Parts 3 and 4 of the guidance 
document to the TMDL/WLA coordinators for distribution to the 
States to use in conducting wasteload allocations. 

An earlier draft of Parts 3 and 4 were reviewed by your staff 
and their comments were considered in finalizing this guidance. 
Major modifications to the earlier draft include: 

o The discussion on mixing zone criteria in Part 3 (see page 
7-3) is now consistent with the March 1991 version of the 
Technical Support Document for Water Quality-based Toxics 
Control. 

o The title of Part 4 has ken modified from Critical Review of 
Estuarine Wasteload Allocation Modeling 

coastal Embayment and Estuarine Wasteload Allocation Modeling 
This change was necessary because the Saginaw Bay example 
Part 4 of this guidance doss not meet the strict regulatory 
definition of an estuary. 

If you have any questions or comments or desire additional 
information, please contact Russell S. Kinerson, Exposure 
Assessment Branch, Standards and Applied Science Division (WH-585), 
Telephone (202) 260-1330. 
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Preface 

The document is the third of a series of manuals provid- 
ing information and guidance for the preparation of 
waste load allocations. The first documents provided 
general guidance for performing wasteload allocations 
(Book I), as well as guidance specifically directed 
toward streams and rivers (Book II). This document 
provides technical information and guidance for the 
preparation of waste load allocations in estuaries. The 
document is divided into four parts: 

Part 1 of this document provides technical information 
and policy guidance for the preparation of estuarine 
waste load allocations. It summarizes the important 
water quality problems, estuarine characteristics and 
processes affecting those problems, and the simula- 
tion models available for addressing these problems. 
Part 2 provides a guide to monitoring and model 
calibration and testing, and a case study tutorial on 
simulation of waste load allocation problems in 
simplified estuarine systems. Part 4 summarizes 
several historical case studies, with critical review by 
noted experts. 

This part, "Part 3: Use of Mixing Zone Models in Es- 
tuarine Wasteload Allocations” describes the initial 
mixing of wastewater in estuarine and coastal environ- 
ments and mixing zone requirements. The important 
physical processes that govern the hydrodynamic 
mixing of aqueous discharges are detailed, followed by 
application of available models to four case study 
situations. 

A draft version of this document received scientific peer 
review from the following modeling experts: 

Donald R.F. Harleman, 
Massachusetts institute of Technology 

Gerald T. Orlob, 
University of California-Davis 

Robert v. Thomann, 
Manhattan College 

Steven J. Wright, 
University of Michigan 

Their comments have been incorporated into the final 
version. 

Organization: “Technical Guidance Manual for Performing Waste Load Allocations. 
Book Ill: Estuaries” 

Part Title 
1 Estuaries and Waste Load Allocation Models 
2 Application of Estuarine Waste Load Allocation Models 
3 Use of Mixing Zone Models in Estuarine Waste Load Allocations 
4 Critical Review of Coastal Embayment and Estuarine Waste Load 

Allocation Modeling 

v 
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7.1 Initial Mixing in Estuaries and Coastal 
Waters 

The discharge of waste water into an estuary or coastal 
water body can be considered from two vantage points 
regarding its impact on ambient water quality. 

On a larger scale, or system wide context, care must 
be taken that water quality conditions that protect 
designated beneficial uses are achieved. This is the 
realm of the general waste load allocation (WLA) pro- 
cedures and models as discussed in the first two parts 
of this manual. As noted, an additional benefit of a 
technically sound WLA is that excessive degrees of 
treatment which are neither necessary nor productive 
of corresponding improvements in water quality for the 
whole water body, or at least major sections thereof, 
can be avoided. 

On a local scale, or in the immediate discharge vicinity, 
additional precautions must be taken to insure that 
high initial pollutant concentrations are minimized and 
constrained to small zones, areas or volumes. The 
definition of these zones, commonly referred to as 
“mixing zones”, is embodied in United States water 
quality regulations, on the Federal and/or State level. 
The mixing zone is a legally defined spatial quantity - 
with certain size and shape characteristics -that allows 
for initial mixing of the discharge. More recent regula- 
tions on discharges of toxic substances define an 
additional subregion - labeled herein the "toxic dilution 
zone” - within the usual mixing zone. The intent of those 
regulations is to require rapid mixing of toxic releases 
to limit the exposure of aqueous flora and fauna to 
elevated concentrations. The detailed prediction of 
pollutant concentrations and water quality constituents 
in the initial mixing phase of a wastewater discharge is 
the realm of mixing zone models. This is the subject of 
this part of the manual. Mixing zone models are in- 
tended to document for any given combination of 
discharge and environmental conditions the size and 
shape of legally defined “mixing zones”, and for toxic 
substances, of embedded “toxic dilution zones”, and 
the levels of pollutant concentration within these zones 
and at their edge. 

7.2 Mixing Zone Requirements: Legal 
Background 

7.2.1 Pollutant Types 

There may be a great diversity in the types of initial 
mixing processes for wastewater discharge. First, the 
size and flow characteristics of estuaries or coastal 
water can vary widely: the water body may be deep or 
shallow, stagnant or flowing, and may exhibit ambient 
density stratification of various degrees. Secondly, the 
discharge type and configuration can be highly vari- 
able: the flow may contain various pollutants ranging 
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from conventional to toxic substances, vary greatly in 
magnitude ranging from low flowrate for a small 
sewage treatment plant to the substantial cooling water 
flow for a large steam-electric power plant, issue with 
high or low velocity, be denser or lighter than the 
ambient, be located near shore or far offshore, and 
exhibit various geometric details ranging from single 
port submerged discharges to multiport submerged 
diffusers to surface discharges. 

Given this diversity of both discharge and ambient 
environmental conditions, there are a large number of 
possible flow patterns which will develop as the dis- 
charge waste stream mixes in the ambient water. These 
flow patterns will determine the configuration, size, and 
intensity of the mixing process, and any impact of the 
discharge on the water body surface, bottom, 
shoreline, or other areas. This, in turn, requires that 
engineering analyses, in the form of mixing zone 
models, be robust, adaptable and reliable under a wide 
spectrum of flow conditions. 

The Clean Water Act of 1977 defines five general 
categories of pollutants: i) conventional, ii) nonconven- 
tional, iii) toxics, iv) heat, and v) dredge and fill spoil. 
The Act distinguishes between new and existing sour- 
ces for setting effluent standards. Table 7-1 lists ex- 
amples of the first three pollutant categories. 

Pollutants designated as “conventional” would be 
“generally those pollutants that are naturally occurring, 
biodegradable, oxygen demanding materials and 
solids. In addition, compounds which are not toxic and 
which are similar in characteristics to naturally occur- 
ring, biodegradable substances are to be designated 
as conventional pollutants for the purposes of the 
provision”. Pollutants designated as “nonconventional” 
would be “those which are not toxic or conventional” 
(Congressional Research Service, 1978). 

7.22 Mixing Zone Definitions 
The mixing zone is defined as an “allocated impact 
zone” where numeric water quality criteria can be ex- 
ceeded as long as acutely toxic conditions are 
prevented. A mixing zone can be thought of as a limited 
area or volume where the initial dilution of a discharge 
occurs (USEPA, 1984a). Water quality standards apply 
at the boundary of the mixing zone, not within the 
mixing zone itself. USEPA and its predecessor agen- 
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Table 7-1. Examples of Conventional, Nonconventional, and 
Toxic Pollutants [USEPA 1984 b] 

Conventional Nonconventional Toxic 
biochemical chemical oxygen chloroform/lead 
oxygen demand demand (COD) 
(BOD) 
pH fluoride fluorene 
total suspended aluminum nickel 
solids (TSS) 
fecal coliform sulfide selenium 
bacteria 
oils and grease ammonia benzidine 

cies have published numerous documents giving 
guidance for determining mixing zones. Guidance 
published by USEPA In Water Quality Standards Hand- 
book (1984a) supersedes these sources. 

7.2.3 Special Requirements for 

In setting requirements for mixing zones, USEPA 
(1984a) requires that "the area or volume of an in- 
dividual zone or group of zones be limited to an area 
or volume as small as practicable that will not interfere 
with the designated uses or with the established com- 
munity of aquatic life in the segment for which the uses 
are designated,” and the shape be “a simple configura- 
tion that is easy to locate In the body of water and 
avoids impingement on biologically important areas,” 
and “shore hugging plumes should be avoided.” 

The USEPA rules for mixing zones recognize the State 
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. A review of individual 
State mixing zone policies shows that 48 out of 50 
States (the exceptions are Arizona and Pennsylvania) 
make use of a mixing zone in some form (USEPA, 
1984a, 1985). State regulations dealing with streams or 
rivers generally limit mixing zone widths or cross-sec- 
tional areas, and allow lengths to be determined on a 
case-by-case basis. 

In the case of lakes, estuaries and coastal waters, some 
states specify the surface area that can be affected by 
the discharge. (The surface area limitation usually in- 
cludes the underlying water column and benthic area.) 
If no specific mixing zone dimensions are given the 
actual shape and size can be determined on a case- 
by-case bask. 

Special mixing zone definitions have been developed 
for the discharge of municipal wastewater into the 
coastal ocean, as regulated under Section 301(h) of 
the Clean Water Act (USEPA, 1982). For those dischar- 
ges the mixing zone was labeled as the "zone of initial 
dilution” in which rapid mixing of the waste stream 
(usually the rising buoyant freshwater plume within the 
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ambient saline water) takes place. USEPA (1982) re- 
quires that the "zone of initial dilution" be a regularly 
shaped area (e.g. circular or rectangular) surrounding 
the discharge structure (e.g. submerged pipe or dif- 
fuser line) that encompasses the regions of high (ex- 
ceeding standards) pollutant concentrations under 
design conditions. In practice, limiting boundaries 
defined by dimensions equal to the water depth 
measured horizontally from any point of the discharge 
structure are accepted by the USEPA provided they do 
not violate other mixing zone restrictions (USEPA, 
1982). 

Toxic Substances 
USEPA maintains two water quality criteria for the 
allowable concentration of toxic substances: a 
criterion maximum concentration (CMC) to protect 
against acute or lethal effects; and a criterion con- 
tinuous concentration (CCC) to protect against 
chronic effects (USEPA, 1991). The less restrictive 
criterion, the CCC, must be met at the edge of the same 
regulatory mixing zone specified for conventional and 
nonconventional discharges. 

In order to prevent lethal concentrations of toxics in the 
regulatory mixing zone, the restrictive CMC criterion 
must be met within a short distance from the outfall or 
in the pipe itself. If dilution of the toxic discharge in the 
ambient environment is allowed, this requirement, 
which will be defined here as a toxic dilution zone 
(TDZ), is usually more restrictive than the legal mixing 
zone for conventional and nonconventional pollutants. 
USEPA (1991) recommends four alternatives for 
preventing acute lethality. One alternative is to require 
that the CMC be achieved within the pipe itself. The 
other three alternatives allow the use of a TDZ. 

The first of these involves a high-velocity discharge 
combined with a mixing zone spatial limitation. For this 
option, USEPA recommends a minimum exit velocity 
of 3 meters per second (10 feet per second) and a 
spatial limitation of 50 times the discharge length scale 
in any direction. The discharge length scale is defined 
as the square root of the cross-sectional area of any 
discharge outlet. 

The next alternative recommended by USEPA (1991) 
is not to use a high-velocity discharge, but rather to 
ensure that the most restrictive of the following condi- 
tions is met: 

• 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 spatial direc- 
tion. 



l TheCMCmustbemetwtthlnadlstanceof59tlmes 
the discharge length scale In any spatial dIrectIon. 
This reddon Is intended to ensure a dilution 
factor of at least 10 wfthin this distance under all 
possible drcumstances, hcMng sttuaUons of 
severe bottom interaction and surface Interactton. 

l TheCMCmustbemetwlthlnadktanceof5times 
the local water depth in any hodzontal dlrectkn. 
The local water depth Is deflned as the natural 
water depth (exfsting prior to the lnstallatkn of the 
discharge outlet) prevailing under mixing zone 
design condMon (e.g. low flow for rivers). This 
restrktkn will prevent locating the discharge In 
very shallow environments or very dose to shore, 
which would result in slgnifkant surface and bot- 
tom concentrations. (USEPA 1991) 

The latter d these geometrk restrktions essentially 
eliminates the use of surface (canal-type) discharges 
for the discharge of acutely toxk pollutants. 

The final recommended altematlve is for the discharger 
to show that a drifting organism would not be exposed 
to 1 -hour average concentrations exceeding the CMC, 
or would not receive harmful exposure when evaluated 
by other valid toxkdogkal analysis (USEPA, 1991). 

13 sunmary 
The fdlowing two chapters in Part 3 of this manual deal 
with the background and the applkatkn of predkttve 
models for mbrlng zone analysis that address the 
various legal requirements as outlined above. 

Chapter 8 first gkes an overview of the important 
physical processes that govern the hydrodynamic 
mixing of aqueous discharges. Emphasis Is put herein 
on submerged discharges, because of the practkaf 
llmltations on surface discharges, in particular as 
regards toxk pollutants. Those processes are divided 
Into near-field processes (influenced directly by the 
discharge geometry and dynamics and, to some ex- 
tent, controllable through appropriate design chokes) 
and into far-field processes (influenced primarily by the 
existing environmental conditions). It Is shown that 
legal mblng zone requirements can encompass, In 
general, processes in both near-fleid and far-field. Then 
the mathematical background and formulations for 
different mixing zone models are reviewed. For practi- 
cal routine applications, these models fall into two 
dasses: (I) Jet Integral models that are applkaMe only 
to a sub-set of near-field processes lnduding sub- 
merged buoyant jets without any boundary (surface or 
bottom) InteractIon, and (Ii) a mtxlng zone expert sys- 
tem, CORMIX, that addresses both near-fkld and far- 
field processes under a variety of discharge and 
ambient conditions. 

Chapter 9 Illustrates the apptkatkn of Jet Integral 
modelsand of the expert system CORMIX. Typkal data 
requhments for the lmplementatlon of these models 
are dkcussed. Four case studies are presented in 
order to demonstrate the capabllltks and/or limltatkns 
of iridMdual models. 

IA RB 
Congresstonal Research Servke, 1978. Leghdattve 
Histstory d the &an Water Act 1977. Congressiorral 
Research Setvke, Library d Congress, October 1978, 
No. 95-14 P. 339. 

USEPA 1982. Revised Section 301 (h) Technical Sup 
port Document. EPA 430/9-92-911, Washington, DC. 

USEPA 1954a. Water Oualtty Standards Handbook. 
Office of Water Regulations and Standards, 
Washington, DC. 

USEPA 1954b. Technical Guidance Manual for the 
Regulations Promulgated Pursuant to Sectlon 301 (g) 
d the Clean Water Act of 1977 (Draft). Washington, DC, 
August. 

USEPA 1985. Technkal Support Document for Water 
Quality-based Toxlcs Control. Office of Water, 
Washington, DC, September. 

USEPA 1991. Technical Support Document for Water 
Quallty-based Toxlcs Control. Offlce of Water, 
Washington, DC, March. 
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8.1 Ambient and Discharge Conditions 
The mixing behavior of any wastewater discharge is 
governed by the interplay of ambient conditions in the 
receiving water body and by the discharge charac- 
teristics. 

The ambient conditions in an estuary or coastal water 
body are described by geometric parameters - such as 
plan shape of the estuary, vertical cross-sections, and 
bathymetry, especially in the discharge vicinity, and by 
its dynamic characteristics. The latter are given by the 
velocity and density distribution in the estuary, again 
primarily In the discharge vicinity. 

Many estuaries are highly energetic water bodies and 
their velocity field with its vertical and temporal 
variability may be influenced by many factors. Usually 
the most significant velocity component is controlled 
by tidal influences, but freshwater inflows, wind-driven 
currents and wave-induced currents may also play 
important roles and, In some cases, may even 
dominate the flow. Furthermore the mean velocity field 
is often superposed by secondary currents due to 
topographic effects or due to baroclinic influences 
giving rise to complicated three-dimensional flow 
fields. 

8.2 Hydrodynamic Mixing Processes 

The density distribution in estuaries is usually strongly 
coupled with the velocity field. Density differences are 
mostly caused by the freshwater inflow and lighter, less 
saline, water tends to overflow the more saline ocean 
water. Estuaries are sometimes classified on the basis 
of their density structure into well-stratified, partially- 
stratified and vertically mixed estuaries (Fischer et al., 
1979). Well stratified estuaries, usually those with weak 
tidal effects, exhibit a two-layer structure with an upper 
predominantly fresh water layer flowing over a lower 
saline layer (the so-called salt wedge). The dominant 
vertical velocity distribution in that instance is a 
seaward flow in the upper layer and a reversed 
landward flow In the lower layer. The other end of the 
spectrum is given by vertically well mixed estuaries 
with strong tidal energetics leading to nearly complete 
vertical mixing although density gradients may still 
exist In the horizontal direction (i.e. along the axis of 
the estuary or tidal bay). 

Clearly, a major feature of estuarine ambient conditions 
is their time variability. For tidally controlled currents 
this is given by a time scale equal to the tidal period. 
Other time scales, usually also of the order of several 
hours, describe wind driven currents and seiche mo- 
tions. However, the time scale for initial mixing proces- 

ses of effluent discharges is usually much shorter of 
the order of minutes to tens of minutes) so that it usually 
suffices to analyse certain flow and density conditions 
under a steady-state assumption. The consideration of 
tidal reversals and potential pollutant accumulation is 
discussed further below (Section 8.6). 

The discharge conditions relate to the geometric and 
flux characteristics of the submerged outfall installa- 
tion. For a single port discharge the port diameter, its 
elevation above the bottom and its orientation provide 
the geometry; for multiport diffuser installations the 
arrangement of the individual ports along the diffuser 
line, the orientation of the diffuser line and construction 
details represent additional geometric features. The 
flux characteristics are given by the discharge flow rate 
from the port, by its momentum flux and by its buoyan- 
cy flux. The buoyancy represents the relative density 
difference between discharge and ambient that, upon 
multiplication with the gravitational acceleration, is a 
measure of the tendency for the effluent flow to rise (for 
positive buoyancy) or to fall (for negative buoyancy). 

The hydrodynamics of an effluent continuously dis- 
charging into a receiving body of water can be concep- 
tualized as a mixing process occurring in two separate 
regions. In the first region, the initial jet characteristics 
of momentum flux, buoyancy flux, and outfall geometry 
influence the jet trajectory and mixing. This region will 
be referred to as the “near-field’, and encompasses the 
buoyant jet subsurface flow and any surface or bottom 
interaction, or in the case of a stratified ambient, ter- 
minal layer interaction. In this region, designers of the 
outfall can usually affect the initial mixing charac- 
teristics through appropriate manipulation of design 
variables. 

As the turbulent flume travels further away from the 
source, the source characteristics become less impor- 
tant. Conditions existing In the ambient environment 
will control trajectory and dilution of the turbulent 
plume through buoyant spreading motions and pas- 
sive diffusion due to ambient turbulence. This region 
will be referred to here as the "far-field". 

It is stressed at this point that the distinction between 
near-field and far-field is made purely on hydrodynamic 
grounds. It is unrelated to any legal mixing zone defini- 
tions that address prescribed water quality standards 
as discussed in Section 7.2.2. In many practical cases 
the legal mixing zone may, in fact, include near-field 
hydrodynamic mixing processes. But that does not 
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Figure 8-1. Buoyant jet with round or slot geometry in stagnant uniform-density environment. 

have to be so: For example, buoyant jet mixing in a 
deep environment with crossflow may extend far 
beyond a legal mixing zone that is defined by a horizon- 
tal length equal to the water depth on the basis of 
section 301 (h) of the Clean Water Act (USEPA 1982). 
As a counter-example, a small source in a strong 
crossflow may rapidly enter the passive far-field dif- 
fusion region (information of a bottom attached plume) well 
before the edge of a legal mixing zone! Thus, in prin- 
ciple, the whole gamut of mixing processes ranging 
from the near-field to the far-field, must be considered 
for individual mixing zone analyses. 

8.2.1 Near-Field Processes 

8.2.1.1 Buoyant Jet Mixing 
The effluent flow from a submerged discharge port 
provides a velocity discontinuity between the dis- 
charged fluid and the ambient fluid causing an intense 
shearing action. The sheering flow breaks rapidly down 
into a turbulent motion. The width of the zone of high 
turbulence intensity increases in the direction of the 
flow by incorporating (“entraining”) more of the out- 
side, less turbulent fluid into this zone. In this manner, 
any internal concentrations (e.g. of fluid momentum or 
of pollutants) become diluted by the entrainment of 
ambient water. Inversely, one can speak of the fact that 

both fluid momentum and pollutants become gradually 
diffused into the ambient field. 

The initial velocity discontinuity may arise in different 
fashions. In a “pure jet" (also called “momentum jet" or 
“non-buoyant jet”), the initial momentum flux in the 
form of a high-velocity injection causes the turbulent 
mixing. In a "pure plume," the initial buoyancy flux leads 
to local vertical accelerations which then lead to tur- 
bulent mixing. In the general case of a "buoyant jet" 
(also called a “forced plume”), a combination of initial 
momentum flux and buoyancy is responsible. 

Thus, buoyant jets are characterized by a narrow tur- 
bulent fluid zone in which vigorous mixing takes place. 
Furthermore, depending on discharge orientation and 
the direction of buoyant acceleration, generally curved 
trajectories are established in a stagnant uniform-den- 
sity environment (sea Figure 8-1). 

Buoyant jet mixing is further affected by ambient cur- 
rents and density stratification. The role of ambient 
currents Is to gradually deflect the buoyant jet into the 
current direction and to induce additional mixing. The 
role of ambient stratification is to counteract the vertical 
acceleration within the buoyant jet leading ultimately 
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a) Doop w&r. high buoyancy, c) Deep water, high buoyancy, 

verlicrl discharge non-vertical discharge 

b) Shalbw water. bw buoyancy, 

vwtical discharge 

d) Shalbw water, bw buoyancy, 

non-vertical discharge 

to trapping d the ffow at a certain level (trapping level 
or terminal level). 

Ambient water bodies always have vetlkal boundaries: 
these are the water surface and the bottom, but in 
addition Vnternal boundaries” may exist in the form d 
layers d rapid den&y change (pycnoclines). Depend- 
ing on the dynamic and geometric characteristics d 
the discharge flow, a variety d interaction phenomena 
can occur at such boundaries. Furthermore, In the 
case d a continuously (e.g. linearly) stratified ambient 
where flow trapping may occur, other interaction 
phmomma may take place. 

In essence, these interaction processes provide a tran- 
Non between the buoyant jet mbdng process In the 
near-field, and between buoyant spreading and pas- 
sive difh&n in the far-field. 

Interaction processes can be (i) gradual and mild or (ii) 
abrupt leadlng to vigorous transition and mixing 
procwses. (I) If a buoyant jet is bent-over by the 

cross-flow it will gradually approach the surface, bot- 
tom or terminal level and will undergo a smooth transi- 
tion with lfttle additional mixing. 

(I9 If a jet is impinging normally, or near-normally, on a 
boundary, It wfll rapidly spread In all directions (see 
Figure 8-2). Different possibiltties exist at that point: (a) 
If the flow has sufficient buoyancy It will ultimately form 
a stable layer at the surface (Figure a2a,c). In the 
presence of weak ambient flow this wiil lead to an 
upstream intrusion against the ambient current. (b) If 
the buoyancy of the effluent flow is weak or its momen- 
tum very high, unstable recirculation phenomena can 
occur in the discharge vklnlty (see Figure 8-2b,d). This 
local recirculation leads to m-entrainment d already 
mixed water back into the buoyant jet region. Thus, 
simple buoyant jet analyses no longer suffice to predicl 
these phenomena. 

The aspect of near-field stabMy, i.e. the distinction into 
stable or unstable conditions, is a key feature of pollu- 
tion analyses. “Stable discharge” conditions, usually 
occurring for a combination of strong buoyancy, weak 
momentum and deep water, are often referred as”deep 
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water” condttlons. “Unstable discharge” conditions, on 
the other had, may be ConsIdered synonymous to 
“shallw water” conditions. Further detail on discharge 
stability can be found in Jirka (1982 a, b) and Hdley and 
Jirka (W88). 

Yet another type d interaction process concerns sub- 
merged buoyant jets discharging in the vkinlty of the 
water bottom Into a stagnant or crossflowlng ambient. 
Two types d dynamic interaction processes can occur 
that lead to rapid attachment d the effluent plume to 
the water bottom (see Figure 8-3). These may be wake 
atltlchment forced by the crossflow or Ccmda aftach- 
ment (due to low pressure effects) forced by the 
entrainment demand d the effluent jet Itself. In either 
case the assumption d free buoyant jets is invalidated 
and other analyses have to be pursued for these bot- 
t0m+mtchttd nM. 

Some multiport diffuser installations represent large 
sources d momentum, while their buoyancy effects 
may be relatively wwk. Therefore these diffusers will 
have an unstable near-field wlth shallow water condl- 
tkms. This is characteristk, for example, for cooling 
water diffusers from thermal power plants. For certain 
diffuser geometries (Le. the unidirectional and the 
staged diffuser types; see Section 8.3) strong motions 
can be Induced in the shallow water environment in the 
form of vertically mbed currents that laterally entrain 
ambient water and may extend over long distances 
before they m-stratify or dissipate their momentum. In 

a tmse, these “diffuser plumes” extend beyond the 
strktnear-fidd(dtheorderdthewaterdepth)and 
are sometimes referred to as the “intermedlate-flekP 
(Jkka, W82b). 

822 FarWekl- 
In the context d this report, far-field mbdng processes 
are characterized by the longttudlnai advectiorr d the 
mbed effluent by the ambient current velocity. 

Buoyant spreading processes are defined as the 
hortzontally transverse sprwdlng d the mked eMrent 
8ow while lt is being advected downstream by the 
amblent current. Such spreading procwws arise due 
to the buoyant forces cauwd by the density difference 
d the mbed flow relative to the ambient density. If the 
discharge Is nonbuoyant. or weakly buoyant, and the 
ambient is unstrattfied, there is no buoyant spreading 
region In the far-field, only a passive diffusion regbn. 

Depending on the type of near-field flow and ambient 
stratifkMon several types d buoyant spreading may 
occur: (I) spreading at the water surface, (ii) sprwdlng 
at the bottom, (ii9 spreading at a sharp internal lnter- 
face (pycnocline) with a density jump, or (iv) spreading 
at the terminal level in continuously (e.g. linearly) 
stratified ambient Mel. 

As an example, the definition d&gram and structure d 
surface buoyant sprwding processes In unstratified 
crossflow is shown in Figure 84. The laterally sprwd- 

Plan Virw 

Cross-section A-A ‘ypmo 

Buoyant Surfocr Spnoding 

Flgure s-4. &toyml sproadlng procosaos hlhOlU-llOld 
(Exampk: wrhco spfwdlng). 
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lngflowbehawsIkeadensltycurrentandentmins 
someambhtnlMlnthe%adregkn”dthecurfent. 
ThembdngratelsusuatiyrelativelysmaU.FMwrmore, 
theffowmayinteraclwtthanwrbybank0rsh0mlhe 
(not shown&he*Q(J The layer thkknws may 
decrease 

pependino~- andambkntdmracteristka 
buoyant spreading processes can be effecttve 
Ww8portmecMWnsthatcanqukkiyspreadamb& 
effluent laterally over large distances In the transverse 
dkection.Thiscanbepartkulariypronouncedincasee 
dstrongamblentstratMcatlonInwhkhtheefffueMaf 
the terminal leval that may Initially be d consIderable 
vwtkal thkkness collapses Into a thin but very wide 
layer unless this is prevented by lateral boundaries. 

a222 -Ambka-Rocwwr 
The extsting twbulence In the ambient emflronment 
becomes the dominating mbdng mechanism at suffi- 
clentlylargedMancesfrornthedkchargepolnt.The 
intenstty d this pas&e diffusion process depends 
uponthegeometrydthear&imtshearnawasti 
as any existing stratMcation. In general, the pas&&y 
diffusing flow Is growing In width and in thkknws (see 
Figure 3-5). Furthermore, it may Interact with the chan- 
nel bottom and/or banks. 

The strength d the ambient diffusion mechanism 
depends on a number d factors relating mainly to the 
geometrydtheambkntshearifowandtheambient 
stratMcation. In the context d dasskal dtffuskn theory 
(i.e. gradlent diffuskn, see Fischer et al., 1979) dlf- 
fusion procwws in bounded n0wf3 (e.g. rivers of nar- 
row estuaries) can be described by constant 
dMush&s in the vertical and horizontal direction that 
depend on turbulent kMnslty and on channel depth or 
width as the length scales. On the other hand, wide 

Plm vi* 

Sib, Vwr 

“uflbOWded”ChEUlnelSOropencoas&lareaS~Chlif- 

actwimd by plume size dependent diffuMtk leadhg 
to accelerating plume growth described, for example, 
bythe”4/3Wddiffu&onInthepresence dastable 
ambient strattAcation the vertkal dlffudve m&kg Is 
generelly strongly -w@d- 

In principle, one can con&ye d two approaches to 
thepredictiondefWntdlschargesinthewateren- 
tffmmmt: complete models or zone models. 

(I) -models: These are thrwdimensknal 
numerical models that directly sdve a finite difference 
or finfte element approximation for the Ml dynamic and 
mass consetvatlon equations wtth various assump 
tknsforthetutWentshearandmasstransporttenns. 
In pdnclple. with the advent d powerful computing 
facflit&s, even on tha desktop, such a complete model- 
hg approach that encompasses the entire fluid domain 
d lntems! with all individual mixing processes appears 
feasible. However, successful applkatkns to date 
have been limited. Apparent reasons for the present 
shortcomings indude (1) lack d fully workable tur- 
bulence dosure techniques under the influence d 
buoyancy whtle considering the Ml range d jet-ln- 
duced geophyskal turbulence; (2) the diffkult trade-off 
d modeling a large enough domain while providing 
sufficient resolution in a threedimensional model 
(computer capacity and costs); and (3) the unknown 
nature d the open fluid boundary conditions which 
need to be specified as part d the elliptic equation 
system. These boundaries may, in general, contain a 
combination of stratified lfdfow and outflow that is 
hhemtfy dtffkult to specify. For these reasons, com- 
plete numerical models are usually not used in routine 
mbdng zone analyses d effluent discharges and this is 
expected to remain so for at least the next decade. 

(II) Zone: Instead of attempting to Integrate the 
general governing equations over the whole region d 
h&rest If Is frequentty useful to dhAde the region Into 
several zones with distkct behavior (such as IndMdua! 
mwngpr- in the near-field and in the far-field). 
WlthinthesezonesltlsthenpossibletosimpMythe 
govemIng equations by dropping unimportant terms. 
This gives a conskkaMe advantage in the mathemati- 
cal treatment and Improved accuracy h the solution. 
Hwever, a challenge remains because the solutions 
are restrkted to specifk zones. Thus, crfteria need to 
be established for a meaningful dhMon d the whole 
region into zones, and to provide transltlon condRkns 
bamen zones. 
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currentpractkehpdlutlonandyswrdiwonzone 
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dwribadlntheqedalhedresearch 
=% w h mvwal monographs (e.g. Fb 
cher et d., 1979, Holfey and Jirka, 1986). However, a 
probfemarisesbecalJsetflereisItmitedguidancetothe 
modduwrontheIlmitsdapplkabllitydeachmodel, 
andonhawtocombhetfmhdivldudmoddoforan 
owaNpredk%icmdtheenUteilowprocess.Theused 
animgratedexpertsystem- (- below) 
promisw to alleviate this problem. 

Anlm~grwpdzonemodelsaretheecalled 
km& ; Mt3&~~wm are llmited to the 

desubedhSectkm 
8.2.1.1 wlttWatteMbntoanyproblemsdboundary 
hteractlon and neadldd ImtabIky. Swed d such 
Integral modei fomhtkm are avalable as computer 
programs. YVhenem their appiicaMlty has been as- 
certained, these models have been found through 
numerous data-modei comparisons to be reliable and 
accurate. Jet integral models will be reviewed In Sec- 
tion 8.4. 

An Integrated fmmwork d zone models for all impor- 
tantnwr-fieidandfar-fieidmbchgprowswsthatdfect 
effluent mbdng harr recently been developed. This 
frarneworkishtheformdaneo<pertsystemthat 
dassifles each dlschargehmblent condition as to 
which now prowswsarelmportantandprovldesa 
predktionthrou#tawquencedzonemodeiswith 
-e- condltlona The zone modeling 
expertw@n nwtbdology CORMIX (Doneker and 
Jirka,1990;AkarandJlrlca,l~l)IsdlscussedinSec- 
tions 8.5 and 8.6. 

Allronemodefsrequiresomeschematlzationdthe 
compiexandaMmryamblew#anddkchargecondC 
tionsthatmayprwalatanydischargesite.These 
simplWkatkns are needed to conform to the require- 
meMsdtbhdMdualmodek 

Aschem&kdefWondlagramforasl@eportdis- 
chargeisgbnhFigure86Thebottomlsassumed 
tobeflat(- depth) whle any banks (if con- 
sideredhttwanaiysk)areassumedtobevwtkal. 

A corre~ing diagram for muftiport dlffusem is 
provkJedhFlgure&7.OfpartWarhterestforthls 
caseisthedlgnmHanfjeybMwwnthecrowfiow 
directknandthediffuseraxIs,tfteorknWonangle/3 
betweentheindfvldualportaxesandthediffuserline, 
andthevertkafangle8betweenportaxisandthe 
horizontal plane. Three major diffuser types have 

evolved h actual design practice and can be charac- 
terized by these angles (see Figure 8-8). 

In the unkfirectional diffuser, all the ports point in the 
same direction perpendicular to the diffuser axis 
(/?-90”). In the staged diffuser, all ports point along 
thediffuserline(/3 = OO).Inthealtematlngdfffuser,the 
ports are arranged in an alternating fashion and point 
in opposite directions (/I= 2 90’). The undirectional 
and the staged diffusers possess a net horizontal 
momentum input with a tendency to induce 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 bask theme for 
each d the three diffuser types. Some d these design 
possibUities are shown in Figure 8-8. There may be 
double or triple nozzle arrangements (with a small 
intemai angle) for both unidlrectionai or staged dif- 
fusers, and the port orientation a@e p may differ 
somewhat from the nominal value, QO” or O”, respec- 
tively. Or, In case of the alternating diffuser, there may 
be multiple port assemblies for each riser with several 
ports arranged in a circular fashion. Furthemtore, alter- 
natlngdiffusersforthennaldlscharOesInshallawwater 
may have a variable port orientation along the dfffuser 
axis to contrd instabilities and horizontal circulations 
(for details, see Jirka, 198213). Another special case d 
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tin aitemating diffuser is g)ven by a vertical discharge 
from all ports. 

Any diffuser can be deployed with arbitrary alignment 
y. However, the two major arrangements are the per- 
pendicular alignment ( y = 90 ‘) and the parallel aiign- 
merit ( y = OO). 

The narrow elongated shape of the turbulent zone 
within a buoyant jet (see Figure 8-l) suggests bound- 
ary-layer type simplifications to the equations of flukf 
moth and mass transport. The equations may be 
further simplifled by Integrating across the locai jet 
cross-section thereby yielding a onedimenslonal 
equation set for the actual threedimensional problem. 
Thisisthe essence d jet integral models which sdve 
the equation set with a simple integration scheme 
marching forward along the trajectory. 

The integral method is demonstrated in the fdlowing 
for a round buoyant jet issuing into a stagnant un- 
stratified ambient (Figure 8-l). The jet-trajectory is as- 
sumed to lie within an x-z coordinate system. Local 
Integration across the buoyant jet gives the fdlowing 
flux (integral) quantlties: 

Vdumeflux:O = 2nJiurdr = 2xIrucb2 (1) 

Momentum flux (kinematic): 
M= 2n$it?rdr=2nCugb2 (2) 

Scalar (poilutant) mass flux: 
Qc=2xI~ucrdr=2nl~u~ccb2 (3) 

Buoyancy flux: 

J=~s~ug’rdr=~bucg~b* (4) 

in which II = mean veiocity in the trajectory direction, 
I = transverse coordinate from locai jet centerline, c = 
mean concentration, and g = mean buoyant ac- 
celeration reiattve to the outside fluid where 

(5) 

p = local density, pa = ambient density, and g = 
gravitational acceieration. In the rightmost integrated 
quantities, the subscript c indicates centerline Values, 
andthewldthbisameesureofthewldthdthejet(see 
below). The profile constants I1,1~13r are simple 
numerical values that depend on the chosen prdpe 
shape and on the width definition (see Hdley and Jirka, 
W88). Frequently, a beil-shaped Gaussian profile is 
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chosenandthewldthbisconvenientlydeflnedbythe (flux-averaged) dilution is then given by the ratio 
“l/ewfdWwherethelocalquantltiesarel/e = 37%d Q/Q0 and the locai centerline (minimum) diiution by 
the centerllne value. the ratio cl/cc. 

Whenthe~ionlawsareappiiedtothesefour 
flux quant&&s using a contrd vdume d differential 
length& wheres - axiai direction along trajectory the 
fdlowing differential equations arise: 

Two fundamentai diffkufties exlst in the jet Integral 
Ill&hod: 

Vdume 8ux do consewatlon: ds=2naucb (6) 

i.e. the vdume flux (discharge) increases due to 
entrainment along the jet periphery. 

Axial momentum flux conservation: 
dM - = 2n/~gcb2sIn8 
ds 0 

I.e., only the sin 8 component d buoyancy produces 
acceleration in the axial direction, in which 0 = locai 
vertkai ar@e. 

(i) -closure Entrainment and mixing of 
ambient fluid Is a turbulent flow phenomenon. The 
vdume nw c onservation, Equation 6, presupposes 
that the mean entrainment veiocity ve , (see Figure 8-l ) 
is linearly related to the centerline velocity, ve = 0 ug 
where a = entrainment coefficient. Inspection of data 
on buoyant jets that undergo a transition from initial 
jet-like (momentum-dominated) to final plume-like 
(buoyancydominated) behavior shows that a is quite 
variable. In some integral models a geometric equation 
is used instead d Equation 6. namely 

db Jet spreading: ds = k w 

Horizontal momentum flux conservation: 

-$vc0se)=o (8) 

i.e., no acceleration in the horizontal direction. 

Scalar flux conservation: - dQc x 0 
ds 

dJ 

(9) 

In which k = spreading coefflclent with somewhat less 
variability between the jet-like and plume-like stages. 
The actual choice of the appropriate equation, Eqs. 6 
or 6a, and the specification d the coefficient that may 
be a function d local flow conditions is generally 
referred to as the “dosure problem”. The dosure is 
made differently in the various integral models. A more 
detailed discussion is given by Hdley and Jirka (1886). 

Buoyancy flux conservation: z = 0 (10) 

i.e. in the uniform ambient environment both fluxes stay 
constant. 

In addition, it is necessary to relate the local coordinate 
srstem(s,e)tothefb<edglobalone(x,y) 

(ii) The: Theabove equation 
set is, strictly speaking, not valid in a short initial zone 
of flow establishment in which a gradual adjustment 
between the efflux profife (approximately uniform) to 
the final bell-shaped profile takes place. Since this zone 
is short ( t: 5D to lOD, where D = d&meter of the 
discharge port), no major error is introduced if it is 
simply neglected. This is the case in some integral 
models. Alternately, some models indude an adjust- 
ment via a virtual origin or others perform a detailed, 
though approximate, analysis d this zone. 

dx ds=c03e 

z=sine 

This system d seven ordinary differential equations is 
fully specified by seven initial conditions at s = 0. These 
are the initial bulk fluxes I%, ,4,, QO, and QCO (altema- 
tively, given by U. , gb = g @. - po)/p. , co, and D and 
tbgeome2vxo,10, and eo). 

Sdution d this ordinarydifferentiai equation system by 
any chosen numerical method yields the seven locai 
buoyant jet measures. These are M, 1, Q, and QC (or 
alternatively, the related variables uc ,gi , cc, and 6) 
and the trajectory measuresx, I, and 8. The local bulk 

The derivation of integral jet equations for the slot 
buoyant jet (see the alternative source conditions indi- 
cated in Figure 8-l) is quite analogous to the round jet. 
It is omitted here for brevity (see Hdley and Jirka, 
1886). The slot buoyant jet is an important element d 
the analysis of subsurface multiport diffuser piumes 
that are formed after merging of the individual round 
jets. 

8.4.2 GUmsims to Fbwhg-Amhim 
The advantage d jet integral models is their ready 
extension to more compiex environmental conditions, 
such as ambient stratification and crossflow. 
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Plgura U-S. Round buoyanf Iof In amMutt crossflaw with drag and onlmbmmt fort.8 (ExampI.: vorllcd discharge). 

If the receMng water is stratified wlth a stable density 
gradient (dp./dz < 0, i.e. the ambient density 
= pa ( z ) decreases upward), then the buoyancy flux 
is not conserved along an upward jet trajectory but is 
constantly decreasing. Eventually the buoyant jet will 
reach, and may even overshoot, its terminal level zt at 
which the local internal jet density is equal to the 
ambient density pa (z , ). The jet wiil become trapped 
at this level and spread horizontally in the form of a 
gravitational current. The jet mechanics prior to the 
terminal level are readily described with the integral 
technique if two extensions are made. First, the 
buoyancy profiles are now defined with respect to the 
iocai reference buoyancy 

9 -y&G 8 
instead of Equation 2, leading to modification of Equa- 
tions 3 and 7, respectively. Second, from mass balance 
requirements, the buoyancy flux is decreasing at the 
same rate at which it is diluted with ambient water of 
lesser density. This leads to 

dJ -= 
ds (14) 
for the round jet, instead of Equation 10. Inherent in 
these expressions is the assumption that the average 

density of the entrained water is equal to the density at 
the level of trajectory (centerline). This excludes cases 
d very rapid local changes, such as steep pycnoclines 
in estuaries. 

When a round buoyant jet is discharged into an am- 
bient crossflow of velocity ua , then it will be deflected 
in the direction of the crossflow. This deflection is 
brought about by two force mechanisms, a pressure 
drag force FD and a force Fc due to the entrainment of 
crossflow momentum. Referring to Figure 8-9, this 
situation is readily described in the integral analysis 
framework provided that severa! adjustments are 
made. First, neglecting the horseshoe or “kidney’ 
shape (Fischer et al., 1979) which actually exists and 
assuming that the jet may be approximated by a cir- 
cular cross-section, the velocity profile in the jet cross- 
section is given by the sum of the ambient velocity 
component in the direction of the trajectory, uI cos 0, 
and the bell-shaped jet profile. This, then, affects the 
definition of ail jet bulk flux variables, M, /, Q and QE. 
The definition of the drag force normal to the jet axis, 
and per unit length of the jet axis, is (in kinematic units) 

FQ = i CD d sin* 8 (2b) 

in which CD is a drag coefficient (of order of unity), and 
the width of the “jet body” is simply taken as Zh. The 
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entrainment force (entralnment d ambient momen- 
tum) is 

do F. = ua - 
ds 

J-w- momentum equations, Equations 7 and 
8 are ampiifled to 

dM 
- = 2n1~gCb2sine +F.cose ds 

Ako,#isobsewedinbent-overjetsthatthewtrain- 
ment mechanism Is considerably more vlgorow and 
the entrainment veloctty not simply proportional to uc 
as in the previous case. Severai analyses have sug- 
gested that jet entrainment in crossflows has a second 
contribution once the jet is strongly bent-over but still 
slowly rising. This second contribution is similar to that 
d a horizontal line element d tlukf that is rising due to 
an initial vertkal imp&e d momentum or due to initial 
buoyancy in a stagnant ambient mid. The rising line 
element expdmxs turbulent growth and entrainment 
that is propodond to the velocity d rise. Since the 
strongly bent-over jet is similar to this line element, this 
second entrainment mechanism can be added to the 
orlginal entrainment mechanism associated with the 
excess d forward jet velocity relative to the surround- 
ing hid. The result is 

dQ - = 2naucb+2napu.bsin 0 cos 8 
ds (19) 

where a is d the same form as for a buoyant jet in 
stagnant ambient (Equation 6) and a2 is the CQX&W 
induced entrainment coefficient. 

tbfM&&7g7ane~s 
A large number d jet integral models for submerged 
single port or muftiport discharges are reported in the 
literature. However, only a few d these are available for 
practical mbing zone analysis In the form d computer 
programs accessible to the analyst. Several d these 
are discussed below. 

The validity and reliability d a jet integral modei shoufd 
be promulgated on at least two conskferatbns: First, 
is its thwmtkal formulation sound and does it perform 
accurately under limiting conditbns (e.g. the pure jet 
or pure plume)? Second, how do the model predk- 
tions compare with avaIlable data, preferably field 
data? No complete evaluation on these grounds d 
integral jet models is attemptmj here, but some impor- 

tant model features wiil be addressed in Section 3. It is 
stressed again that none d the fdlowing integral jet 
models include any form of boundary interaction 
processes; in a sense they ail assume an unlimfted 
receiving water body. 

The U.S. EPA has pubiished a set d five buoyant jet 
integral models (Mueilenhoff et al., 1965) all with dif- 
ferent capabilities. These models indude computer 
programs written in FORTRAN for micro or minicom- 
puters. 

(1) The computer modei UPLUME describes a buoyant 
jet issuing from a single port into a stagnant em&on- 
ment with arbltrary stratification. UPLUME is based on 
Abraham’s (1963) original development using a jet 
spreading equation for dosure. Empirical adjustment 
expressions are induded for the zone of flow estab- 
lishment. 

(2) The modei UOUTPLM (based on Winiarski and 
Frick, 1978) uses a somewhat different Lagrangian 
description d buoyant jet mechanics instead of the 
Eulerian system d equations given in Section 8.4.1. 
Thus, a plume element is tracked in its timedependent 
evdution. However, the mechanisms actually included 
are similar to the ones discussed above with the excep- 
tion d the omission d the ambient drag force. The 
model is applicable to a uniform crossfi’owwfth co-flow- 
ing or cross-flowing single port orientation (exduding 
counterflows) and with arbitrary density stratification. 
The modei is not applicable for stagnant conditions. 

(3) The modei UMERGE is an extension of UOUTPLM 
applicable to multiport diffusers with perpendicular 
alignment. Merging is assumed to occur when 
geometric overlap of the individual equally spaced 
round jets occurs. After merging, the flow is described 
by the timedependent motion of twodimenslonai 
plume elements. 

(4) UDKHDEN is a model that computes threedimen- 
slonal trajectories from either single port or muftiport 
discharges in crossflows with arbitrary velocity (shear 
flow) and density distributions. The modei is based on 
the development by Hirst (1971) and later generaliza- 
tions by Kannberg and Davis (1976). The initial zone d 
flow establishment is computed in detail with Hirst’s 
model. The threedimensional equation system is a 
generalization of the type discussed in the preceding 
section. An entrainment function with dependence on 
a locai densimetrfc Froude number is used for dosure. 
A special geometric merging routine describes the 
gradual transition from IndMdual round piumes to the 
twodimensional plume. However, the same entrain- 
ment coefficient is used for round and for piane 
buoyant jets, making it impossible to verify the modei 
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for well-known asymptotic conditions. The diffuser 
alignment relative to the crossflow must be 
predominantly perpendicular. 

(5) The modei UUNE is strictly speaking not a jet 
integral model but uses an analytical solution for the 
twodimensbnai slot plume dilution as a function d 
devatbn. This soiution is modified on the basis d 
Roberts’ (1977) experimental results for the effect d 
alignment on a diffuser line plume in crossflow. Also a 
step&e algorithm is Included to compute local mixing 
in an arbitrary crossflow and stratification. The modei 
omits the merging process, thus assuming an initially 
merged (e.g. dosely spaced) diffuser discharge. 

Another buoyant jet modei is that of Jirka and Fong 
(1981) to predict general threedimensional trajec- 
tories for a single port discharge In a crossflow with 
arbitrary stratification. The model uses emplrical 
descriptions for the zone of flow estabiishment as 
proposed by Schatzmann (1978). The model Includes 
an entrainment dosure that meets several limiting con- 
ditions and that has been extensively verified by Wong 
(1984) in application to ambient stratification. An addi- 
tional element of the Jirka-Fong modei is the descrip- 
tion of the internal vortex mechanism in crossfiow that 
can lead to plume bifurcation when a flow boundary or 
terminal level is encountered. 

85 Cof?Mw~sy6temMethoddogy 
forMWngZoneAnafy6is 

8.5.1 I- 
The &tneil fylb(ing Zone Expert System (CORMIX) is 
a series of software elements for the analysis and 
design of submerged buoyant or nonbwyant dischar- 
ges containing conventional or toxic pollutants into 
stratified or unstratified watercourses, with emphasis 
on the geometry and dilution characteristics of the 
initial mixing zone. Subsystem CORMiXl (Donekerand 
Jirka, 1990) deals with single port discharges and 
subsystem CORMIX2 (Akar and Jirka, 1991) addresses 
multiport diffusers [Another subsystem, CORMIX3 
(Jones and Jirka, 1991) has been developed for sur- 
face discharges, but is not discussed here gfven the 
limitations of surface discharges in meeting toxic diiu- 
t&n criteria; see Chapter 71. The system is lmple- 
mented on microcomputers with the MS-DOS 
operating system. 

The user supplies CORMIX with information about the 
discharge and ambient environment. CORMIX returns 
information detailing the hydrodynamic mechanisms 
controlling the flow, dilution, geometric information 
concerning the shape of the pollutant plume or flow in 
the ambient water body, and design recommendations 
allowing the user to improve the dilution characteristics 

d the flaw. If specified by the user, CORMIX also 
presents informatbn about legai mixing zone dimen- 
sions and dilution and about toxic mixing zone require- 
ments. 

CORMIX contains two key elements. The first is a 
rlgorws fhf dasstfkation scheme that dassifies any 
given discharge/environment situation into one d 
several flow classes with distinct hydrodynamic fea- 
tures. The ciassifkation scheme p&es major em- 
phasis on the near-fleid behavior d the discharge and 
uses the length scaie concept as a measure d the 
influence d each potential mixing process. Flow be- 
havior in the far-fleid, mostly in the form d boundary 
interactions, is also considered. 

The second key element Is a collection d predictive 
elements (modules) that are executed according to a 
protocd that per&Ins to each distinct now dass as 
determined by the classification scheme. These 
predicttve elements are all based on simple analyticel 
perturbation solutions for each flow process. Further- 
more, transition rules are used to describe the spatial 
extent of each flow process. 

The final result is a robust composite n0bv and mixing 
zone predktbn that is appiicabie to a diverse variety 
d discharge/ambient conditions. CORMlXl and 2 have 
been extensively validated with both laboratory and 
Reid data. 

The geometric schematizations assumed in CORMIX 
have been summarized in Figures 8-6 to 8-8. respec- 
tively. In addttion, CORMIX assumes a uniform un- 
sheared ambient velocity profile represented by the 
mean velocity u8. Furtheme. CORMIX requires that 
the ambient density proflle be approximated by one d 
four representative stable profiles as shown in Figure 
8-l 0. Adynamically correct approximation d the actual 
distribution should keep a balance between over- and 
under-estimation of the actual density data. The 
simplest case is a linear densfty profile shown in Figure 
8-10a (Stratifkation Type A). Figure &lob describes 
two uniform density layers with a density jump (pyc- 
nodine) between layers (Stratifkatbn Type B). Figure 
8-10~ illustrates a two layer profiie in whkh the upper 
layer is uniform, the lower layer has a linear stratifica- 
tlon, and a density jump occurs between layers 
(Stratification Type C). Finally. Figure &lOd presents a 
two layer system with a uniform upper layer and a 
linearly stratified bottom layer with no density jump 
between layers (Stratification Type D). The uniform 
upper layers in Stratification Types 8, C, or D are 
representative for the well mbed upper layer that is 
found in many types d ambient water bodies and 
occurs due to wind induced turbulent mixing. 
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8.5.2 Len@? scales 
Length scales, obtained from dimensional analysis, 
describe the relative importance of discharge volume 
flux, momentum flux, buoyancy flux, ambient 
crossflow, and density stratification in controlling flow 
behavior. The length scales will describe the distance 
over which these dynamic quantities control the flow, 
in particular within the subsurface buoyant jet regions 
of the mixing process. 

85.2 i singe port cbchnfges 

Given the important flux parameters, f,&, , MO, and Jo 
(see Figure 84, the ambient velocity ul, and the 
buoyancy gradient E = - (g/pa ) (dpJdz) of a 
linearly stratified ambient, the following dynamic length 
scales can be derived for a single port discharge: 

LQ = QdM? = discharge (geometric) scale 

LM = AC/X$ = jet/plume transition scale 

Lll = Al,V?/u, = jet/crossflow scale 

Lb = /dui = phmekro&ow s&e 

1 -m = (MO/E f’ = jet/stratification scale 

Lb = J?/? = plume/stratification scale 

The meaning of these scales is further illustrated in 
Figure 8-11. For example, the jet/crossflow length scale 
is a measure for the distance over which a pure jet will 
intrude into a crossflow before it gets strongly deffected 
(or affected). It should be noted that the length 
measures are only “order of magnitude”; precise coef- 

P,(Z) 
0 A Linear 0 B Two-Layer 0 C 

Figure 8-l 0. Schwnatk amblont donslly proflln for us@ In l xporl syrtom CORMIX. 

0 0 

flclents have to be determined from experiments or 
from more detailed flow analysis. 

a5.22 MultiQoRm 

The general diffuser flow field is, of course, three- 
dimensional. However, for near-field mlxing analyses 
the two-dimensional flow parameters are dynamically 
relevant. For this purpose, the detalfs of lndlvfdual 
discharge jets with port d&meter D and spacing S are 
neglected and replaced by an equivalent slot width 
B =(nD*)/(4S ) on the basis of equivalency of 
momentum ffux per unit diffuser length. This concept 
has been discussed by .lirka (1982b) among others, 
and has been shown to be a dynamically accurate 
representation. The main parameters for the two- 
dimensional slot discharge are the diffuser total 
flowrate pC and the discharge buoyancy&. This leads 
to the following flux parameters (per unit diffuser 
length), all expressed in kinematic units: 

q. = QJLD = vdume flux (flowrate) 

mo = qo uo = Uf B = momentum flux 

jO = qgo = Ugo B = buoyancy flux, 

in whichUo = discharge velocity, and 

LD = diffuser length. 

Through interaction with the ambient parameters, the 
following length scales describe a multiport diffuser 
discharge: 

Iq=q&,= discharge geometric scale 

hn = mduZ = plane jet/crossflow scale 
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1~ = m/j&~ = plane jet/plane plume scale 

ih, = (m&p - plane jet/stratlfkation scale 

1; = jZ/Eti = plane plume/stratlflcation scale 

I. = U./l a = crossnow/stratmcation scale 

It Is interesting to note that no pfume/crossflow length 
scalecanbedeffnedondimensbnd grounds for the 
two-dimensional plume. This Is In contrast to the three- 
dknensional round plume and arfses from the fact that 
the vertical velocity of a two-dimensional plume is 
cocwtant. ~j~,leadingInthepresenceofaconstant 
crossflow to a straightWe trajectory. Thus, no distinc- 
tioncanbemadedaplaneplumelnaweaMyddected 
stage fdlowed by a strongly deflected stage. However, 
It Is possible to define a nondimensional parameter 
j &U i whose magnitude will be a measure of the slope 
of the plume trajectory. 

8.5.3 IVearW Fbv Uass- 
The dasslfkatlon scheme used In CORMIX puts major 
emphasis on the near-field flow configuration. Thk Ls 
because a large number d flow configurations can 
occur due to the muftlpfklty of possible interactlon 
processes; in contrast the far-field flow is generally 
much simpler wlth limited shoreline or bottom contact 
possiblmt?3. 

a5.u shgh pat Lmctmg~ (CoFIMMl) 
In the near-field the dynamic length scales 
LM , Lm , Lb, Lm and Lb (LO has less dgnifkam) 

describe the interaction with the geometric properties 
d the water body, Its depth H or the depth hint to the 
den&y jump (in general, both of those are indicated 
byalayerdepth&). Alsotheorientatlonangfes8Qa~ 
a0 of the discharge are important (Figure 845). 

Gtven the possible ambient stratification types a das- 
slfkatkn procedure (in Doneker and Jirka, 1990) is 
used to dassify the near-field behavior of a given 
discharge into one d 35 generic flow dasses that are 
summarized In Figures 8-l 2 to 6-l 5. The four major flow 
categories indicated by CORMlXl are: 

9 flows affected by linear stratifkatkn leading to inter- 
nal trapping (S dasses, Figure 8-12) 

I9 buoyant flows In a uniform ambient layer (V and f-l 
classes, Flgure 8-13) 

Ii9 negatively buoyant flows in a uniform ambient layer 
(NV and NH classes, Figure 8-14) 

Iv) bottom attached flows (A dasses, Figure 8-15). 

Each of the flow classes is indkated on the ffgures by 
a sketch that shows lts main features ln a side view or 
plan view. All flow criteria shown on the figures are 
given as “order of magnitude” relations; somewhat 
different forms and numerical constants may be con- 
tained in CORMIXl . 

A wide spectrum d near-field flow conffguratkns Is 
possible: these range from flows trapped in linear 
stratifkatkn, buoyant jets that are strongly affected by 
the crossflow and gradually approach the layer bound- 
ary (surface or pycnodine), weakly deflected buoyant 
jets that impinge on the boundary leading to upstream 
spreading and/or unstable recirculation, negatively 
buoyant jets that form density currents along the bot- 
tom, and dynamic attachment along the bottom wlth 
or without eventual buoyant Ilft-off. It is stressed also 
that (9 each of these flow classes can occur In com- 
bination wlth an upper stratified layer (see stratlfkatlon 
types B, C, or D on Figure 8-l 0) and (ii) the designation 
“uniform ambient IayW in Figures 8-13 and 8-14 can, 
in fact, also apply to a stratified layer if lt has been found 
that the stratifkation is too weak to trap the flow. Thus, 
in essence, the actual number of flow configurations 
that can be da&fed by CORMlXl is much larger than 
the 35 generic flow dasses shown on these figures. 

The dassifkatkn scheme used by CORMIX2 relies on 
the same methodology as for single port discharges. 
The length scales of the two-dimensional slot jet, 
Ih(,&,,,Ib, I,,andI,,arecomparedwiththelayer 
depth f-f, and with the diffuser variables, hs length LD 
and its orientation angles, 8, y,/$0 (see Figure a7). 
The classification procedure (see Akar and Jirka, 1991, 
for details) yields 31 genetic flow classes that fall into 
three major categories: (I) flows affected by linear 
stratifkation leading to Internal trapping (MS classes, 
Figure 8-l 6). ii) buoyant flows In uniform ambknt layers 
(MU dasses, Figure 0-13, and Iii) negatWy buoyant 
flows in uniform ambient layers (MNU dasses. Figure 
s-18). 

While there are some obvious analogies in their ap- 
pearance to the flows produced by single port dkchar- 
ges, the major difference for muftiport diffusem lies ln 
the vertically fully mbed (over the layer depth) plumes 
that can be produced by the large momentum sources 
of untdlrectknal or staged diffusers. 

8.5.4 Pmd/ktAe- 
The detailed hydrodynamic predktion of the effluent 
flow and of associated mb<ing zones in CORMIX ls 
carried out by appropriate flow modules that are ex- 
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TabI.61. FbwPradkthModula of CORYIxl (sIngI Pod T&l8 s-2. FlowPr8dkth Modula of CORYW wtlttbw 

m8kfydellecMJolincfoanow 
wmklyddl8ddw8njolin- 
ll8U-jOlhliMUStf8- 
neu-horltonf8l jof in Yn8u sfmifkation 
~wdY-w~- 
rtronglydd8cMndljetincfo8sflow 
m8kty doll8cM plum8 in uo8snoW 
ltrongly ddkted phm8 in cro88flow 

nou-vutid 8udc@0Mm/pycnodin8 impingofwnt 
~buoyultw-~w-ml 

n8u-v8rlio8l urrfacelbottomlpycwdino impirqwnont with 
v8rtic.8lmixing 

nou-vuticd 8urf8a/battomlpycrodirn impingwnont. 
upstrwn spre8ding. vwtkd mixing. 8ncl buoy8nt 
f8stmifkatkn 

twmin8l l8y8r 8tdfiod impingomont/up8trwn 8proding 
tormin8l ky8r injoctidup8trwn aprrding 

Modulutor8uoy8ntspr8odlngPr- 
buoy8nt kyor 8pruding in uniform 8mbiont 
buoyant sprmding in linouly stmtitiod unbiont 

Modukr for AV Pr- 
w8ko r8arcddon 
lift*ffhN-d0wn 

Modulo8*--Prow8888 
diffusion in unifoml embbnt 

pwsivo difhion in linarty 8tr8tifiod 8rnbiont 

ecuted according to a pIotoco/ that pertains to eat 
distinct flow configuration as determined by the das- 
sification scheme. These ffow protocds have been 
constructed on the basis of the same length scale 
arguments that have been used for the flow ciassifica- 
tion. The spatial extent of each flow module is governed 
by rransiffon rules. These determine transitions be- 
tween different near&id and far-f&Id mbing regions, 
and distances to boundary interaction. 

The flow modules for single port discharge predkztions 
(CORMIXl) are listed in Table 8-l. Ail modules present 
basic analytical sdutions for one particular flow 
process wlth the pertuting influence of one or more 
other variables superimposed. For example, the 
module for the weakly deflected jet in crossflow 
(MOD1 1) is based on a pure jet soiutiorr that experien- 
ces a gradual advection by the crossflow. The group 
of near-field modules (MOD01 to MOD22) represents, 
in total, the same predictive ability as buoyant jet in- 
tegral models (vaikf in the subsurface region without 
boundary interaction). 

The flow modules for multipod diffuser prediction 
(CORMW) are given in Table 8-2. Several groups of 
modules, notably those for the far-fleid, are similar, or 
even Mentkai, to those d CORMlXl. 

die&u& (sl8g.d diisor) 
-W-H-Win- 
wddy ddkctul (S-0) wd j8l in crouflow 
nou48rUc8l pluu j8f in linou otr8tifkation 
neuhori2ont8l plan0 jot in linou 8trdfkdon 
rtronalv-pluw~~~- 
wddy ddloctd (2-O) w8ll jet in croWlow 
wmkly 8nd strongly d8fleoWd pl8no plum8 in cm&low 
buoymt pl8n8 plum8 in str8tifiod 8t8gn8nt 8mbiont 
n8g8tiv8ly buoyulf lin8 plume 

iiiicze 
ltmt8bk Yutuporl otmmu8: 

undiwctiod 8aaor8bon zone 
t8e~8uontw 
sfrocrgly dofkctd le. diffuwr plum8 
St8Q8d 8CdOf8tbtl ZOM 
strongly do%ctod st8g8d diffuser plum. 
altemhng porp8ndiculu diffum8r in unst8blo 

n8u-field zone 
MfJ8tiVdy bUOyUlt St8g8d 8CdU8tiWI 7.W 

8bnubtbnuodulu~~lnlu8cuonR- 
forsl8bl8Yufuporl 
n8u-vubul8urf8cWbottom impingement with buoyant 

upstroun 8pr88ding 
- 

nmwutid aurhatbottom impingomont. up8trr8m 
spre8ding, uwthl mixing, 8nd buoy8nt 
rootr8tific8tion 

nurhoriront8l wrt~/bonom/pyitm WW 
tormin8l kyer str8tified impingom8nVup8tro8m apr8adh-q 
tumhl l8y8r injaction/upotro8m sproding 

w 

buoy8nt 8pre8ding in linarty rtr8tifHd 8mbient 
densily currenf dotdoping dong diffum lh 
internal don&y currant doveioping 8long diffuur liln 
dMu8or induood bottom d8n8ity curr8nt (2-D) 
diffu8or induced bottom don8ity currant (3-D) 

--*h~-R- 
ditfurion in uniform 8mbii 

pu8iv8 diffusion in limuty strrtifiod 8mbi8nt 

Extensive comparisons have been conducted for 
CORMlXl and 2 with available laboratory data and a 
few limited Reid data cases, as well as with buoyant jet 
integral models. These comparisons (Doneker and 
Jirka, 1990; Akar and Jirka, 1991) demonstrate that for 
subsurface flow the CORMIX predictions were at least 
of the same quality as that of jet integral models. The 
agreement wlth data (220% for trajectories and diiu- 
dons) is d the same order as the usual scatter among 
different data sources. 

a22 



Moreover,CORMlXhasbeenshowntobearobustand 
accurate predictbe methoddogy for more complex 
llows wfth varbus degrw of boundary lnteractlon, 
such as near-field instabllitles, buoyant spreading 
processes, and dynamic bottom interaction. CORMIX 
appears to correctly diagnose these processes 
through its classRation schema and then provides 
qumtRatlvdy rellabfe predktkm of the sequence of 
fnb%lpr- that characterize a ghren d&charge. 

However, as wfth ail models that are based on some 
geome&k schematizations and dynamic simpiifka- 
tions, CORMIX wifl not be applicable to ail possible 
discharge configurations. To avoid modei misuse in 
such inatanoea, specific safeguards, warning labels, 
and use reWktkns have been included in CORMIX. In 
any case. recent experience has shown that CORMIX 
is applicable and predicts properly for the vast majority 
of actual submerged discharge situations (better than 
95% for CORMlXl and better than 80% for CORMIX2 
because d the considerably greater geometric com- 
plexitles of diffuser installations). Furthermore, the 
user’s manuals contain special advice sections for the 
user dealing w&h any d the more limlting cases. 

a6 mmhgzonemunder 

As has bwn remarked earlier in Section 6.1, the the 
scale for initial mixing processes is usually short 
enough relative to the tidal period, so that It is accept- 
able to apply initial mlxing models under steady-state 
condftions, e.g. correspondlng to certain stages within 
the tidal cyde. However, this approach is no longer 
valid lf predictions are desired over a larger area en- 
compassing distances that, in fact, provide a transition 
to the far4sld. 

In the present state-of-the-art no complete models for 
pollutant predictions in the water environment are 
avalabfe (see Section 8.2). This restriction stems from 
tha diffkulties d representing the varfety d transport 
procwws that govern the distrlbutkn in unconfined 
wtuarina or coastal wafer bodies in a si@e analytkal 
or nurnerW technique. Therefore, an integration d 
near-field mlxing models and of pfedictlve techniques 
for the far-field effects must be employed. Far-Wd 
procwsw, that Mude the transporl by the varying 
tidal lbw, turbhnt dMusion, and various biochemical 
trarNdomratbnphenomena. havebeenaddmssedln 
Parts I and II d this estuarlne waste load allocation 
manual. The following comments provide some 
gukhnce on esthating the intefaction between near- 
fieid mtxing and far-field accumulation effects. The 
metfroddogy ts adapted from that suggested by Jirka 
et al. (1976). 

8.6.1 Far-Fii- Edbcfs 
The two major methods for estimating the unsteady 
far-field accumuiatkn d discharged materiai, at vari- 
able distances from the outfall and in an unsteady tidal 
Ilow, are either numerical models or H&d disperskm 
tests. in the fdlowfng lt is assumed that a d&per&n 
test is being employed, but the cornmentsappiyequal- 
ly well to the results d an unsteady numerkai model. 

Theschematksdafieiddispe&ont.estinarewWng 
tidal current system are shown in Figure a19. The 
tracer release line may represent the location d a 
submerged mdtiport diffuser with alternating nozzlea 
The tidal system is assumed as approximately periodic 
as indicated by the velocity curve. The figure also 
shows the hypothetical dye concentratkn tracer C(&yj 
measured at some point (x , y ) as a function d We. 
(Note that in practke, fewer discrete measurements 
over time would be available). If the fiefd dispersion test 
consists of a tracer release period, n tidal cydes long, 
then the continuous monitoring woUd usually indicate 
a period d concentration build-up, a quasi-steady 
period and a fell-o# period. if an accurate simt.Won 
d the poilutant discharge over a largescale and for a 
long-tern Is required, then consideration (and meas- 
urement) for at least two d these periods is necessary. 

Considering the maximum dye concentratkn during 
any tklai cycle at (x ,y ) the fdlowing sequence is 
generally observable: During the first cycle C- L 
found, in the second cyde the concentration is C mu 
plus some fractkn d dye tracer returning from the 
previouscyde,thusC,+rdC-=C-(l+rd) 
If these are continuously repeated, then the quasi- 
steady maximum concentration r- is given by the 
geometrk series 

c -c-(1 +ld+rd2+rij3+...) mu- m 

or, In the ilmft. 

c mrx=cmu& (21) 

The quantlty rd is iabelied the dye return rare d ma&r 
discharged in the previous cyde Q,r implkitly includes 
any dye mass decay during the tidal period). The 
com@ement quafdhy (1 -f,j ) is frequently refened to as 
flushhg rare. The return rate will depend on the char- 
acteristics of the tidal n0w, notably tksfd excwsltm, 
mean VeioCity, diffuskn, e&i. rd is ds0 dependent on 
the position (x ,y ) with respect to the release area. 
Quasi-steady conditions are typkally encountered 
after about 5 to 10 tidal cydes. Buikf-up curves, similar 
to Equation 26 correspond aiso to other quantities d 
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c5(x*y.t) -ci(x,y.t)& 

~Ci(w)~aringlecyde~quantlty 
of htereet (C, ,C~ ,c,vg ) etc.). 

FortheactWpoNantdkcfnvgethequasMeady 
condltkmls~dprlrmvy~.FromEqua- 
tlOlt22ltlSSWltfUtthkd@#ldSUttWOfWtUS:th@ 
mbdngchamcterktlcsCiwWnasl@etkMcyde,and 
thereturnmtefromprevbuscyckTotramdatethe 
wa+-=JYdys- condltbns Iwo pol- 
Iutaa-,themfom,twoadj~are 
needed: 

(a)~atWcyde,thepollutantwnceMmtlonck 
relatedtothedyewrlwrttmtbnc 

Qco Ci (&y,t) = Ci (X*y*l)-e -(k-tr)ti(r*y) 
QdO (23) 

WhW9f~(X,y)rthWintervdbetweenOCCWWlWd 
event i (maximum, minimum concentration) at 
(x,y) and6meofreleasedtftattmcerpatch,i.e., 

tmveltime.QmlsthepolltAantmassrdeesemteand 
QQ i8 the dytl tTtas8 r&as@ rate. kc and kd w 
thedecaycon&uSsfcrpoMantanddye,~. 
(for II - dye, kd==O). oeterminatbn of h 
dependsonthedetaMknowledgeoftheveloclty 
field; for avemge concentmtkms the average tkW 
velodtyls~ive.ltlsnotedthfltforpointsfar 
fromthereleasearea,~moretftanseveml 
tkuexclJdon8away,the~-term 
In Equatbn 23 becomes slgnifkant. In the discharge 
vldnlty, however, It IS freq~WIy negligible. since li is 
lessthanoneWperbd.Thisls,lnfact,theusual 
assumption ln most m&lng zone predktlons. 

r0 - rd 8 -(lMdt* 

wherer l = tldd paled (12.4 hours). The quad-steady 
pdllBMt~Ci(X~)~tbd~relatedtO 

tfwmeasued~ecydedyeconcentretknCi(xy) 

000 ~(x,y,~)-Q(x~y~r~[e -Wb,+ZJ 
1 -ro 

ltlsrtecamyto(l) measurethevelocayfieldhsome 
detalsori(x,y)canbefolJndforthepohtsunder 
corrdderatbn.and0meswrenot~thequasl- 
steadypedoddtmcerdIsMbbn,kl&othebuId- 
upufaldperkdwthedyer6&mmterdcanbe 
evduated as shown h Flgum 6-19. In actud tracer 
monlt~ltlsnctalwaysp<wdbletohaveconthww 
recordaNeverthelesr,afewmeawnwwdurhgUte 
buM-uporfall-offperbdusually~somehdkatbn 
da 

lfattentkinlsrestrktedtoasmalerereearoundthe 
dkhargeandYthetracerusedbr&MeIyconsewa- 
thfe (- ki), then bMh corre&mfactorshEquatbn 
26arenegllglbleandthe measued-can 
beuseddlrectlytoeveluatetbpollrrtatiaccumlrlatbn 
lnttwfar4eld. 

8.62 LhhagptohMal~ng~ 
AllhltialmMngmodelsdlscwsedintheprecedingare 
steady-state models&do not conskferthefar-fleld 
return (accumulation). The followlng procedure 
provides an approximate Ilnkage: 

(a)Carryoutaseflesofinltialmlxlngpredictbnsuslng 
a steady-state near-field mbclng model for d&rent 
htervals (e.g. 6 or 12, wmBpondlllgt02or1-holJr 
Intervals, respectlvely) wlthln the tidal cyde. The 
predktbnsatany~ofhterest(e.g.atthe~ 
ofaLegalMkingZone)provldeappmxbtetlmede- 
pendent predlctlons for pollutant concentration 
ci (x,y, I ) wlthln a tidal cycle. 

(b) Use the far-field pollutant return rate rc, that applies 
for the region of Interest (e.g. the Legal Mbdng Zone), 
to calculate the quasi-steady (i.e. lcng-term) pollutant 
concentmtlon 

Eii(x,y, t)-ci(x,y,r) * 
-0 

(W 

lheretummter,thatappllest0theafeadlntemstcan 
beestimatedwingtheprocedumsoutlinedhthe 
preceding pamgmph, I.e. relying on a dye dbperskm 
testornumedcalmodel.ltsho&Jbenotedthatr,,h 
tum,bafunctlonofthedlstancefmmtheoutfall:rc 
tendstobeverysmalllnthelmmedlatenear-fbld, 
where the pollutant concentrations are high; rc be- 
comeslargerforincreashgdMances,wheretheln- 
duced concentrations are Ming off, however. This 
dependence suggests the following practical 
guidelinesintheabsenceofdetalled measurementsor 
predktkmsforr, : 

(2s) 
Hence,foranawwatepredktlondfar-fleldetfects 
overalargearea(largertbntbtldalexcwsbnlength) 
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l For Toxic Dllutlon Zone (TDZ) predktlons, the 
effect of far&Id return lsatways negligible kc - 0) 
duetothestrongspatial re&ktkmdtheTDz. 

l FormostLegalMbdngZonepredktlons,therc 
factorcanbeexpectedtovarylnthemngeds0.1 
to - 0.5 (highly wmervaWeesthate).ltbvety 
small(sO.l)fordeepwaterd~htfwopen 
coastalzonethatareoftenassodatedw&hHemd 
tmpplng or buoyant surface layer ftmmtbn. In 
thosecases,thein~ial@uoyantJet)~b.h 
fact, quite independent of far-field effects lt may 
be reasonably hlgh (up to 0.5) for sh&w water, 
vertkally mlxed, discharges ln stmngly rest&ted 
estuaries with weak Ilushing. For addltlonal flush- 
Ing estimates In such tidal channels, see the 
methods discussed In Fischer et al. (1979). 
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9. Case Studies of Mixing Zone Prediction 

9.1 Introduction 

9.7.7 Objectives 
This case study section has several objectives: (i) To 
demonstrate the typical procedures and data require- 
ments involved in mixing zone analysis; (ii) To 
demonstrate that legal mixing zone definitions may 
require the analysis of both near-field and far-field 
processes; and (iii) To show the relative merits and 
flexibility of different methodologies, including jet in- 
tegral models and the expert system CORMIX. 

as 5.0 cm/sec) from zeroes in these data sets. In 
estimating environmental conditions, a more reliable 
estimation can be made at the lowest 10 percentile on 
a cumulative frequency distribution. Data on ambient 
density structure are not routinely collected. Conse- 
quently, there is not usually an existing data set for the 
site under consideration. To Increase the reliability of 
‘worst-case’ estimates, data should be evaluated not 
only for the discharge site but for nearby coastal areas 
of similar environmental setting.” 

All four case studies deal with hypothetical conditions 
that may, however, exhibit some features of existing 
discharges. In the first case study major emphasis is 
put on various regulatory criteria. None of the case 
studies is intended to document model validation. This 
cannot be done since no actual field or laboratory data 
exist for these hypothetical situations. For validation of 
models reference should be made to the original litera- 
ture on the various models as listed in Chapter 8. 
However, a few comments on model validity are made 
in the first case study in order to explain some large 
differences in various model predictions. 

9.1.2 Data Needs 
As discussed In Section 8.1, the initial mixing of an 
effluent depends on the interaction of ambient and 
discharge conditions. In estuaries or coastal waters 
these conditions may be highly variable. In evaluating 
water quality effects and mixing zone compliance, 
appropriate design conditions must be chosen. 
Generally, the critical design conditions relate to those 
environmental and discharge factors that lead to the 
lowest dilution and at times when the environment is 
most sensitive. However, it is not always straightfor- 
ward for the analyst to estimate exactly what combina- 
tion of factors will lead to this critical condition. For this 
reason, an evaluation under a variety of conditions 
always seems necessary to obtain information on 
mixing zone behavior and its sensitivity to design 
criteria. Data uncertainty is also a factor of concern. 
The following considerations, taken from Muellenhoff 
et al. (1985) apply here: 

“Defining ‘worstcase’ conditions as a combination of 
those conditions affecting initial dilution, each taken at 
the worst 10 percentile on cumulative frequency dis- 
tributions, Is recommended by USEPA This approach 
allows a reliable estimation of these conditions to be 
made and prevents the unlikely occurrence of more 
extreme conditions from biasing the predictions. The 
probability of these conditions occurring simul- 
taneously is much less than 10 percent, ensuring that 
the predicted dilution will be exceeded most of the 
time. Application of multiple ‘worst case’ factors (i.e. 
flows, stratification and currents) to determine a mini- 
mum dilution must be done carefully, however, and in 
recognition of the criteria for which compliance is being 
determined. For example, although application of an 
absolute ‘worst case’ dilution may be appropriate for 
determining compliance with an acute toxicity limit, it 
Is more appropriate to Identify the lowest 6-month 
median dilution to determine compliance with a 6- 
month median receiving water limitation.” 

Since the discharge conditions can also vary (e.g. Its 
flowrate or pollutant concentration) it is necessary to 
combine the occurrences of the varying pollutant load- 
ing with the varying ambient parameters in order to find 
the critical design conditions. 

“Predicting dilution reliably depends on the availability 
of statistically valid data with which to estimate ambient 
conditions. The statistical uncertainty In estimates of 
absolute worst case conditions is generally great. Also 
there are inherent biases to some oceanographic 
measurements. For example, current measuring in- 
struments have finite thresholds. It therefore becomes 
difficult to distinguish low values (which may be as high 

Finally, any set of ambient and discharge conditions 
will require some degree of schematization in order to 
meet the predictive model assumptions. This has been 
discussed in Section 8.3.2 along with Figures 8-6, 8-7 
and 8-8. The literature or user’s manuals for the various 
models usually contain some guidance on how to 
prepare the data. As with any model application, it is 
necessary to evaluate the prediction sensitivity to input 
data through repeated model use. The expert system 
CORMIX, in fact, has on-screen advice on data 
preparation available to the user. 

All available mixing zone models assume a conserva- 
tive pollutant discharge neglecting any physical, 
chemical or biological decay or transformation proces- 
ses. For most substances this is reasonable due to the 
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Figure 9-1. Design case AA: vertical ambient density profile 
in typical summer conditions. 

rapidity of the mixing process, especially in the near- 
field, relative to the reaction time scale of most pol- 
lutants. If first order reaction processes can be 
assumed then the model results on concentration can 
usually be converted with an exponential factor to 
include the decay process (see Doneker and Jirka, 
1990). The consideration d pollutant reactions in the 
context d far-field accumulation involving a larger time 
scale has also been addressed In Section 8.6.1. 

9.2 Case AA - Single Port Discharge: 9.2.3 Case AA2: Modified Design, Winter 
Conditions Industrial Outfall in Tidal Fjord. 

9.2.1 Ambient and Discharge Conditions 
A manufacturing plant is located near the upstream end 
of a narrow tidal fjord that receives a substantial 
amount of fresh water inflow. The typical cross-section 
of the fjord is 600 m wide with an average depth of 16m. 
The preferred discharge location is about 90 m from 
shore where the local water depth is 17.5 m. During 
typical winter conditions the characteristic ambient 
(average tidal) velocity is 0.15 m/s and the vertical 
ambient density distribution is quite uniform with a 
value of 1,005.5 kg/m3. During summer design condi- 
tions, however, the ambient velocity is lower at 0.10 m/s 
and a significant vertical stratification exists as shown 
in Figure 9-1. The density varies from a bottom value 
of 1,010.0 kg/m3 down to a surface value of 1,005.8 
kg/m3. The plant operation is also variable. In winter the 
discharge flow rate is 0.15 m3/s and has a discharge 
temperature of 10°C. In summer the the rate is lower 
at 0.10 m3/s with a temperature of 15°C. The discharge 
flow is essentially freshwater but contains 1000 ppb of 
some organic toxic material. 

Applicable state regulations limit the mixing zone to 
25% of the width of the estuary. Furthermore, the 
special mixing zone requirements for toxic substances 
(see Section 7.2.3) apply with a CMC value of 100 ppb 
for the discharged toxicant. 

9.2.2 Case AA1: Initial Design, Winter Conditions 
An initial design proposal calls for a single port dis- 
charge with 0.2m port diameter and 0.5m port height 
above the bottom. The discharge velocity is 4.8 m/s. 
The port is oriented in a co-flowing arrangement point- 
ing horizontally along the direction of the ambient 
current. 

Figure 9-2 shows a side view of the near-field of the 
discharge plume predicted by CCRMIX1 (flow class 
A5). The model shows strong dynamic attachment of 
the plume to the bottom. After this a gradual buoyant 
rise to the surface takes place with a minimum surface 
dilution S min = 164. The extent of the toxic dilution 
zone (TDZ) b about 10m, essentially comprising the 
entire bottom attached zone. Thus, benthic organisms 
will be exposed to toxicant concentrations above CMC 
values. This initial design is considered undesirable 
and rejected from further consideration. 

In view of this bottom attachment, none of the jet 
integral models, Included in Section 8.4, i.e. the USEPA 
models, UOUTPLM and UDKHDEN or the Jirka-Fong 
model, would be applicable. Therefore, their predic- 
tions are not shown on Figure 42. 

In order to eliminate plume bottom interference, a 
modified design is proposed with an increased port 
height of 1.0m and a vertical discharge angle of 10°. 
This modified design, indeed, does not exhibit any 
bottom attachment as shown in Figure 9-3. 

The trajectory predictions of three buoyant jet integral 
models (UOUTPLM, UDKHDEN and JF [Jirka-Fong]) 
and of CCRMIX1 (flow class H2) are given in Figure 9-3. 
Also shown is the width prediction for CORMIX1. All 
four submerged plume trajectories are qualitatively 
similar; the deviations among trajectories is contained 
within the plume outline (as indicated by CCRMIX1) 
and well within the usual scatter of experimental data. 
The TDZ is again limited (order of 10 m) as predicted 
by any of the four models. The jet Integral models are, 
of course, limited in their applicability to the submerged 
jet region before surface interaction. Only CCRMIX1 is 
applicable to the actual interaction process and the 
subsequent buoyant spreading along the water sur- 
face. This process is Indicated by the width boundary 
in Figure 9-3. 
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further light on this disagreement the predktions of the 
four mcxfals can be compared to what Is probdy the 
most reliable and comprehen&e available Reid data 
set an submerged dkchwges. Leeand NevNeJones 
(1967) report swerai hundred lndtvldual obwwkns 
of minimum surface dllltion for three sln@e port sub 
merged outfails for munkipal discharges in the Unlted 
Kingdom.AJldtheseoutfak3aresamewhatmore 
dominated by buoyancy than design case AA2. m 
is indicated, for example, by the fact that CORMlXl 
predicts a flow dass t-f1 for these outfalls). The pmdk- 
ths d all four models are compared with the normai- 
lzed field observatkns for minimum surface dilution 
(Figure 94). The sofld line presents the best-f& regres- 
sion line for ail data points. The average dliutbn gtven 
by both USEPA models is a factor af 4 (300%) largw 
than the observed minimum dliution. When the dilution 
predktkns are converted to mlnlmum dliutions (factor 
1.7) the ovwpredkzth Is still by about 139%. The JF 
model ovefpredklkn is about 50%. CORMlXl, on the 
dhw hand, lies within about 15% w&h the observa- 
tkns. (Note that the model coeffkients of CDRMlXl 
have been chosen through extensive compsdson wlth 
bask labomtory data, so that this good agreement 
presents Indeed a modei validation and not some 
forced best-fit). On the bask of thfs oomparfson & may 
be condlJdt3d that the Jet htegml models (notably 
UOUTPLM and UDKHDEN) am quite nonwwwatlve 
and tend to overestimate acnrel plume dlt&kns, at 
leastforunstrattfkdambknts.Thepredktkndisagree- 

mmt for Case A&! (Figure 9-3) may be considered in 
light of this conciusion. 

The legal mixing zone LMZ (25% width) b not attalned 
In the hydrodynamk near-field but rather in the far-field 
as shown by the CORMIXI predktkxs ol Figure 9-5. 
In fact, the LMZ is reached at a downstream distance 
d about 600 m when the surface plume is in the 
buoyant spreading regime. At thls point, the average 
dittiion has increased to about 250 and the plume 
half-M is about 75 m v&h a plume thkkness d 
1.7 m. Actual plume interaction with the bank takes 
piace at a further downstream distance d about 766 
m. This result Illustrates the practical fact that legai 
mlxhg zone definitions can often Imply sufficiently 
large distances which then indude far-fieid mbing 
processes, Simple Jet integral models do not address 
this aspect, while CORM1Xl has been implemented to 
deai wlth such generaltties. 

The dmstk effect d ambient stmttfkatkn on prume 
near-field behavior is shown in Figure 9-6. Wlh any of 
the four predkZive models the plume is preckted to 
reach Its terminal level d about 3 to 5 m above the 
bottom at a distance d about 10 m downstream. The 
differences among the predicted trajectories are small. 
The TDZ is reached about 8 m downstream as lndi- 
cated by CORMIXI (Irow dass S3). The predicted 
dilutkm values at the terminal level show, again, more 
variability. If minimum terminal dtiutions are compared, 
then UOUTPLM, St = 16/l .7 = 9, CORMIXI, St - 16, 
and UDKHDEN, Sr = 26/l .7 = 15, provide Iower-ef~J 
(conservalive) predktions, while JF, SI = 26, is some- 
what higher. 

The CCRMIXI predktions in Figure 9-6 also show the 
fomwtkn d the ktemal strat&d layer (In&J thickness 
2.4 m) and its gradual cdiapse and widening with 
additknai mixing. The full dev&pment in the far-field 
is illustrated again in Figure 9-5. The behavior under 
stratified summer condltkns is in marked contrast wlth 
the unstratified winter conditkns (Case A&!). The dif- 
ference in dilution is notable (related to the much 
shorter buoyant Jel tmjectoty In the near-field) as is the 
much thinner internal layer. The LMZ is reached at 
about 880 m where the plume half-w&&h is about 75 m 
and the piume thkkness about 0.3 m. 

SewaseDIecharge--Bay 

9.87 AlYa3MtiDislargecondiliorrs 
A mukport diffuser is used for the discharge d treated 
sewagewaterfroma municlpaiitylocated on a bay. The 
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tion, together wkh the schematizatkms adopted for 
different modeis. 2) A uniform ambknt with a density 
of 1.028.0 kg/M. in both cases the ambient design 
veiocityb30.159mA3101theprevaiiingcoastaicurRW 
Thedkchaqefiowrateis2Om%(49OMGD)witha 
freshwater density of 998.0 kg/n?. 

The preiiminary design caiis for a totai diffuser length 
d2OOOmwithaperpendkufaraiignmentreiativetothe 
prevailing current direction. The diffuser employs 80 
vertkai risers with 8 ports attached per riser and dis- 

charging in a circular fashion. The port diameter is 
0.14m,thepocthelgMisl.Smabovebottomandthe 
port angle Is (r (I.e. horizontal). 

Theiegaimixingzone(LMZ)tsprescribedbyadis- 
tance of 30 m extending in any direction from the 
diffuser line. No toxk substances are included in this 
discharge. 

When applying any model to a complex dfffuser 
geometry with riser/port assemblies, some model 
simpiifkation is needed. in case of the USEPA muitiport 
models (UDKHDENUMERGE and ULiNE) the user 
must, in fact, substitute a series of sinde ports equally 
spacedaiongthediffuseriine(thus,inthispresentcase 
80x8 = 840 ports). On the other hand, the input 
eiement of coRMix2 coiiects ail the pertinent informa- 
tion about the riser/port assemblies, the system then 
condudw that the net hor&ontai momentum flux for 
this diffuser is zero and treats the diffuser as an aiter- 
nating diffuser with a vertical equivalent slot discharge. 
Thus, in either case, the iocai detaiis of the eigM in- 
dividual buoyant jets discharging from each assembiy 
are neglected. 

Figure 9-8 summarizes the predictions of the jet 
models UDKHDEN and UUNE and of the expert sys- 
tem CORMiX2 (flow ciass MS5). AJI three models indi- 
cate a terminal iayerrl at about 10 m above the bottom 
varying between 8 m and 12 m. Also ail three models 
show limited varfabiiity for the predicted average diiu- 
tion at the terminal level, St , which is 137 for UUNE, 
212 for UKHDEN, and 166 x 1.4 = 232 for CORMW, 
using an average/minimum dilution factor of 1.4 for 
twodimensional buoyant jets. Ail these dilution values 
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may be scrutinized as to whether the mixed effluent 
flow per unit diffuser length. St Q&D, exceeds the 
available ambient approach flow, u~z~, for the layer 
between bottom and terminal level. Denoting the ratio 
R = (StQ&)/(u.tt) one finds R-0.7 for UUNE, 
R = 1.7 for UDKHDEN, and R = 1.4 for CORMiX2. in a 
strictly two-dimensional flow (i.e. if a diffuser section or 
thb entire diffuser length were bounded by lateral wails) 
any value R > 1 is not possible in steady-state. How- 
ever, for the actual threedimensional diffuser the dif- 
fuser entrainment demand can also be met by lateral 
flow toward the diffuser line. Futhermore, additionai 
freedom to entrain water exists for the internally 
trapped plume ( ZI < H where H Is the water depth). 
Also, note that for low ambient velocity conditions 
(u, +O) the above test becomes unreliable for evaluat- 
ing model performance. Thus, for the present case of 
an internally trapped plume from a threedimensionai 
diffuser all three model predictions appear reasonable. 

Note that trajectory information is provided by 
UDKHDEN and CORMIX2 white UUNE does not pro- 
vide any spatial data on plume behavior. The LMZ is 
predicted by CORMiX2 to have a minimum dilution of 
116. 

At the transition to the far-field CCRMiX2 indicates an 
initial internal layer thickness of about 16 m. As shown 
in the far-field pian view of Figure 9-9 this internal layer 
is gradually spreading, decreasing in thickness, and 
experiencing a slight additional mixing in the buoyant 
spreading phase. Thus, at 10 km downstream from the 
diffuser line the average dilution is 313, with a ha&width 
of the effluent field of 4.2 km and a thickness of 4.7 m. 

93.3 caseB62um- 
The corresponding model predictions for the un- 
stratified case are given in Figure 410. CORMiX2 indi- 
cates a flow dass MU8 which indudes a vertically fufiy 
mixed near-field with an average dilution, S = 512. 
Although its model printout does not specifically state 
so, UUNE also predicts a vertically mixed flow with a 
lower dilution S = 368. in contrast, UDKHDEN does 
not recognize the destabilizing effect of the vertically 
limited environment in crossftow and predicts a plume 
with a high surface dilution S = 836 and with width 
dimensions that are of the order of the water depth 
(Figure 9-10). Defining the ratios 

R = (.S Q,,&, )/(u~ H ) one finds R = 0.8 for UUNE, R 
= 1 .O for CORMiX2 and R = 1.8 for UDKHDEN. The 
latter rwuit, together with the fact that the model - 
white predicting plume dimensions of the order of the 
water depth - does not address the constraint of the 
limited ambient depth, indicates that UDKHDEN is not 
applicable in this case. More generally, it appears that 
UDKHDEN is an unreliable model for most multiport 
diffuser applications in unstratified ambients. The same 
reservation would hold for the model UMERGE (not 
plotted here). UUNE indicates slightly more conserva- 
tive difution values than CORMiX2. it may be overly 
conservative, however, since the UUNE model coeffi- 
dents are based on a single set of experiments by 
Roberts (1977) which did not indude the additional 
mixing effect of the high velocity discharge jets as is 
common in actual diffuser installations (this has been 
pointed out in a discussion by Jirka, 1979). 

The far-field behavior of the diffuser plume is plotted in 
Figure 9-9. While the plume is fully mixed In the near- 
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field (about 100 m downstream; see Figure g-10) It 
restratifies and lifts off from the bottom. At a distance 
of 1.5 km downstream the vertical thkknws has 
reduced to 22.0 m (compared to the inttM Mzknws of 
30.0 m equal to the water depth). At 10 km dwmstmam 
the plume has thinned to about 11.3 m whle spreading 
to a hatf-width of 4.0 km and attaining an average 
dilution of 703. 

9.4 ca8ecx-shgleFortMsdwgcKmKt 
DiscmgehommaFiekl 

9.41 llmbiwandmm ccxlcmm 
Brine from drilling operations in a coastal oI field Is to 
be discharged into coastal waters. The propowd dls- 
chargesiteis25Omoffshoreataiocalwaterdepthd 
20 m. The ocwn water is wwkty stratified with a 
pycnocline at 15 m above the bottom. However, be 
czwe of the strongly negatively buoyant brine dls- 
charge the density distribution above the pycnociine 
appwrsunimportantandtheambientcan,infa~be 
assumed at a constant den&y d 1,025.O kg/r+ cor- 
responding to the lower layer density. Am- design 
veiocitiw range from 0.1 m/s to 0.25 ml& The bcutom 
is sandy with a Darcy-Weisbach friction factor d0.015. 

The brine flow rate is 0.03 M/s with a density d 1,070.O 
kg/M, thus much heavier than the ocean water. The 
efiiuent contains several toxk metals, inciuding w 
ataconcentrationof380ppb.The~entdthe~ 
corrwponds to the water depth of 20 m. The TDZ is 
governed by a CMC concentration for copper d 40 
iwb. 

The initial design proposes a low velocity dischaqe 
(3.8nVs)withaportofO.l mdiameterata2.0mhelght 

abovethebcstom,angledat6(rabovehorizontaJand 
poking iatwaiiy across the crosSnow (cross-flowing 
di=hwM. 

9.42 c88ecm:Low~~~, 
weak- 

Even though, in prhdpie, they 0ugM to be applicable 
for nq@mfy buoyant dbchaqps the USEPA models 
(UOUlPLMandUDKHDEN)donotprwideanypredk- 

Eabt!Z imlizzY~~~~ - 
tions are limited to CORMiXl and the Jirka-Fbg (JF) 
integraimodei.Thenear4kidpiumeco@pwknfor 
thetwomodefpredidknsbshowninFlgure91lavv&h 
0lonoltud~~0 trarmme8ideview8,rwpec- 
thmiy.CORMiXl predktsafiowciassNV2withbuoyant 
upstmamirdnrslonalongthebottomafterlmplnge 
mentdthefaiiingJed.Thetwobuoyantjettrajectoriw 
(JF and CORMW) are in rw8on~biy good agreement 
prktr to w The predicted minimum dilution 
isiwerforCORMiX1 Q ti- 22)thanforJF(56).The 
~oftheupstmamWrusbnk3oftheorderof2Om 
fKwnth0iphplWMpointAthklbOtt~la~d 
abaR0.5mthidmessisfannedandspreadsiateraiiy 
asthebcttompiumebdvecteddownstma m.ThelDZ 
lsvery~aftheorderofl mfromtheeffiwpoint. 
ThecondhknsattheLMZ(natsharminFlgure411a) 
irdicateathinlayerd0.35mthkkness,18.0mhan- 
widthwithanaveragediiutionof40. 

9.4.3ca8ecc2LowDischarge~ 
wsbwrg- 

whenttbe~curreNlncmaswfrom0.1 m/sto 
0.25 m/s the dwnstmam buoyant jet defbctkn is 
accemated whllethe upstream buoyant extension is 
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minimized. Figure 9-l 1 b shows CORMiXl (now ciass 
NV2) and JF predktions. The discrepancy betwwn 
predicted minimum dilutions is further incrwsed 
P min = 22 versus 140). Such compiex tftrwdimen- 
sionai trajectoriw represent some of the most sentere 
tests for model application, and in the absence of 
detailed experimental data for such phenomena it is 
difficult to favor one model over another. 

The upstream IntrusrOn along the bottom is minimai in 
thepresentcase(orderd2m)andthe~~d~ 
current is thicker and less wkfe. At the LMZ distance 
thepiumehaif-wfdthisoniy8.0mwithathldmessof 
0.60 m and an average dilution of 45. 

9.4.4. case cc3 &#I lxwhap M3mty 

in order to maximize near-field dliution a high exit 
veiocity design (15.2 m/s) is evaluated by haiying the 
portdiameterto0.95m.TheresuitsareshowninFigure 
9-l 2. When compared to Figure 9-l 1 b, this shows the 
significant effect of increased jet diffusion in the near- 

field. The buoyant jet shows much more rapkf mbdng, 
and, consequently, is more liable to advecuon by the 
ambient current. CORMiXl (flow ciass NW) no longer 
predicts an upstream Hrusion after the more gradual 
bottom approach. There are differences in the 
predicted jet trajectories, as far as maximum height of 
riwandbottomapproachareconwmed.AttheLMZ 
these buoyant jets are predicted to be in the water 
cofumn without any bottom contact yet. The minimum 
dilution vaiues are S ti = 247forJFand 119for 
CORMiXl , respectively. The comparison between Fig- 
ure 911b and 912 ifiustratw haw LMZ constraints 
som&nesare met in the hydrodynamic nwr-ffeid and 
atothartfmwinthefar-fieid,dependingontheinter- 
play of ambient and discharge conditfons. 

9.5Nvrmmnd~ fzmmms 
A once-through cooiing water system for a thermal- 
eiectrk power piant discharges the heated cooling 

9-9 



z (ml 

t 
( i ) Side View (distorf4 

S min=5 80 S,Q570 
z(m) 

1 

(ii) View Looking 
(undistorted) 

y (m) -IO -20 

Oownttrcom 

Cole cc3: Hiih Velocity Dasign 
Slrong Current 

water through a submerged multiport diffuser. At a 
distance d 600 m offshore, a shallow relatively flat area 
exists wtth an ambient water depth of 10.3 m. 

The water Is unstratlfled wlth an average temperature 
of 20% and ocean salinity. The velocity field is tidal 
ranging from slack tide (0.0 m/s) to weak vefocftfes 
(about 0.1 m/s) to a maximum velocity (0.5 m/s). The 
cooling water flow rate is 67 m% wlth a discharge 
temperature rise of 2OS’c above ambient and the 
sane salinlty. 

Astageddiffuserdesignd2@Imlengthisproposed 
with a perpendicular Mgnment relathre to the tidal 
currents.Thedlffuwrconslstsof32portswlthaport 
height of 0.5 m, port diameter of 0.6 m and a vertical 
angle of 20’ above horizontal. 

No LMZ Is spec#ied. Rather, the pre&tive rem&s are 
to be interpreted so as to make an LMZ proposal to the 
state regulatory authority. 

9.52 case Lm: M3ak 7it# (2u7wlr 
None of the USEPA diffuser models are applicable for 
such shallow water diffusem wlth strong momentum 
flux and unstable near-field mbing. If they were used, 
UOUTPLM and UOKHDEN would predict vertical 
plumewkzlthfarinexcessdtheavaiWewaterdepth. 
UUNE, on the other hand, ls lImited to pure plume 
discharges without any directed discharge momentum 
flux. 

Thus, reliable predictions are limited to CORMIX2 as 
shownlntheplanvlewdFigure913.Forthlscased 
a weak current, CORMIX2 (flow class MUS) Indicates 
an Initially, vertically fully mbed dtffuser plume. The 
plume gets gradually deflected by the weak crossffow 
and begins to re-stratify (lift off the mom) after a 
distance. Gradual, lateral spreading and vertical thin- 
ning of the diffuser plume takes place. The Induced 
temperature rise Is 2.7% in the near-field and drops to 
1.O%atadistanceofabout15OOm.(Anypotentialheat 
loss to the atmosphere is neglected In these conserva- 
tke mixing predictbns). 
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Figure g-13 Dlustrates vMdly the strong effect of the 
directed momentum flux from shallow muftiport dif- 
fusers and the abflfty to Induce currents over conskler- 
able distances. 

9.53 case Lm2I slack me 
Stagnant amblent condftions always represent a llmlt- 
ing case for any mlxing analysis. Since there is no 
ambient advectlve mechanism they are always as- 
sociated with an unsteady flow field and mixing 
process, Including potential large scale recirculation 
dfectS. 

The CORMIX2 (flow dass MUS) predictions are gfven 
In Figure 9-14 for unsteady conditions. The plume is 
nmv undeflected, but has similar mixing character&tics 
as the sflghtfy deflected plume d Case DDl. However, 
at some dfstance (about 680 m) the predictions are 
terminated since the induced plume velocities have 
become negligibly small so that a transient recirculat- 
ing flow would be set up. Corresponding messages are 
printed out by the expert system along wlth the advice 
to conduct predictions for stagnant ambients only as 
a special limltlng condition. 
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Core 002 : Slack Tide 

9.5.4 case 003: smlg ria/ can3d 
The effect of a strong tkfal current (0.5 m/s) is to 
generate a strongly deflected diffuser plume (Figure 
Sl5) as predicted by CCRMIX2 (flow dass MU6). A 
rapid deflection and greatly increased mfxing take 
place within the diffuser vicinity. The m-stratifying 
plume is then advected by the ambient current and 
grows in width and diminishes in vertical thickness, in 
form of a surface buoyant spreading process. 
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Insummary,tbgreatwlabllkyamongdMhmrplume 
pattems(Plgwea913,914,and915)wggeatsthata 
complete afumwnent of lnftfaf mbdng processes 
!Jhcdd,lndacd,hdlJdethewholespedfumof- 
condltknaftbdtendHfk&todaffneadngle”typkaP 
dseignwnd&lonformbdngandydaonthe~ 
hand,arapldev6luatbndseverelambbntcondltlons 
andofafternatfwdesIgnsfsreadlypoasibfewfthfnthe 
framework of prmenlly avaIlable models. 
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