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ABSTRACT

This report describes two initial dilution plume models, RSB and UM, and a model interface
and manager, PLUMES, for preparing common model input and running the models. Two
farfield algorithms are automatically initiated beyond the zone of initial dilution. In addition,
PLUMES incorporates the flow classification scheme of the Cornell Mixing Zone Models
(CORMIX), with recommendations for model usage, thereby providing a linkage between two
existing EPA systems.

The PLUMES models are intended for use with plumes discharged to marine and some
freshwater bodies. Both buoyant and dense plumes, single sources and many diffuser outfall
configurations may be modeled.

The PLUMES software accompanies this manuscript. The program, intended for an IBM
compatible PC, requires approximately 200K of memory and a color monitor. The use of the
model interface is explained in detail, including a user’s guide and a detailed tutorial. Other
examples of RSB and UM usage are also provided.

This is Document No. N210a of the Environmental Research Laboratory, Narragansett. The
accompanying software carries No. N210b.
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DISCLAIMER

This document is intended for internal Agency use only. Mention of trade names or
commercial products does not constitute endorsement or recommendations for use.
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GENERAL ASPECTS OF DILUTION MODELING

INTRODUCTION

Pollution control authorities frequently employ buoyant plume models to simulate expected
concentrations of effluent contaminants in ambient receiving waters. During the decade of the
1980s a great deal of attention was given to the subject because of the U.S. Environmental
Protection Agency’s (EPA) regulation of publicly owned municipal wastewater discharges to
marine waters (USEPA, 1982). The central feature of this regulation was a modified permit
based on an applicant demonstrating the environmental acceptability of less than secondary
treatment, consistent with criteria listed in section 301(h) of the federal Clean Water Act.

A number of models and other methods, e.g., field data, were used in this context, primarily
to demonstrate compliance with a variety of applicable regulatory requirements of local,
regional, state, and federal agencies. In addition, models were used to aid in the design of
marine monitoring programs and in the design of new or modified ocean outfall pipelines and
diffuser systems. In 1985 EPA published a user’s guide to five models used in these activities
(Muellenhoff et al., 1985) although the models had been distributed and used for years in many
previous applications.

Possibly because of the popularity and the endorsement associated with the EPA user’s
guide, the models were applied by regulatory agencies, designers, and dischargers to problems
beyond those for which they were originally intended. Some applications involved industrial
wastes, drilling fluids from offshore oil exploration and development projects, and effluent
discharge into freshwater systems, both lakes and rivers. Staff in the EPA offices were asked
frequently to assist with these applications, and many users requested EPA to develop a more
general model, or specific models for each situation. As a result of these requests, this user’s
guide and revised computer programs are provided. With respect to the 1985 models
(Muellenhoff et al., 1985), UOUTPLM and UDKHDEN are neither reissued nor addressed
herein, UPLUME is provided as a separate file but neither recommended nor addressed, ULINE
is provided as a separate file and is recommended under some circumstances as an extension of
RSB, which otherwise replaces it, and UMERGE is modified, extended, and replaced by the
resident model UM. To the extent that PLUMES, described immediately below, facilitates UDF

file generation, all earlier models are supported by PLUMES.

Both RSB and UM are contained in and managed by the interface program PLUMES. In
addition, PLUMES contains two farfield algorithms and the CORMIX1 flow categorization
scheme (Hinton & Jirka, 1992). In Appendix 1, the CORMIX flow categorization method is
used as a framework for making provisional model recommendations.

The model UM is described subsequently in the manuscript, as is RSB, a model based on




General aspects of dilution modeling

hydraulic model studies by Roberts (1977) and Roberts, Snyder, and Baumgartner (1989 a,b,c).

The new UM model provides essentially equivalent results as UMERGE, in fact, UM may
be interpreted to mean "Updated Merge". However, UM possesses considerably more
capabilities than its predecessor.

New subjects treated in this report include eftluent material discharged at an arbitrary
vertical angle to address the cases of positively buoyant material discharged downward, and
negatively buoyant material discharged upward. These situations are handled by PLUMES.
Discussion is provided on the problem of particulates in the waste stream, as this is becoming
recognized as one of the more insidious problems of water pollution control, and on the possible
use of the models in freshwater systems. Verification based on field and laboratory data is
addressed as is information on uncertainty of predictions.

Subjects such as mixing zones and initial dilution concepts discussed in the 1985 report are
repeated, sometimes verbatim, and updated with current interpretations. Discussion of the
physical basis of models is expanded.

Readers of the earlier report (Muellenhoff et al., 1985) will also notice some deletions and
changes. The computer codes for the programs are not included in the manuscript nor in the
diskettes generally provided. Another is that the executable models are to be provided on
diskette by the EPA marine research laboratory in Newport, Oregon, rather than by NTIS.
(They may also be made available on the CEAM, Athens Bulletin Board Service.) These
procedural changes are related. Due to user experiences as well as work conducted by EPA it
is at times necessary to correct or improve the computer codes. It now appears that changes will
occur sufficiently frequently so that it will be more effective to provide current models to users
directly from EPA rather than from NTIS. New diskettes distributed by EPA will be
accompanied by brief narratives describing the improvements in the physics or the computational
routines that take place following publication of this report. These adjustments are judged to
be too difficult to arrange on a timely basis through NTIS.

The authors assume readers will have some tamiliarity with terminology of buoyant plume
mechanics, either as applied in regulatory practice or in fluid mechanics generally. Terms used
in equations are defined in the text, frequently using different symbols than in original works
cited. In different parts of the document, a symbol may represent different quantities, however,
the meaning should be clear from the context. Terms and relationships are also explained in the
"Help" screens of the interface program PLUMES. General definition sketches are shown in
Figure 1.

[\
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General aspects of dilution modeling

REGULATORY ADAPTATION OF PHYSICAL PROPERTIES OF PLUME BEHAVIOR

Initial Dilution

Initial dilution is the dilution achieved in a plume due to the combined effects of momentum
and buoyancy of the fluid discharged from an orifice, and due to ambient turbulent mixing in
the vicinity of the plume. The rate of dilution is quite rapid in the first few minutes after exiting
the orifice and decreases markedly after the momentum and buoyancy are dissipated. Figure
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Figure 2. Plume dilution as a function of time.

2 schematically represents the relative dilution factors achieved in buoyant plumes and in the
subsequent drift flow region under low to moderate current conditions.

Ambient currents will also influence the rate of dilution during the buoyant rise of the plume
irrespective of jet momentum and buoyancy. As current speed increases so does initial dilution.
This is shown in Figure 3 from Baumgartner et al. (1986) for certain west coast conditions using
the models in Muellenhoff et al. (1985). UPLUME, not including current, gives constant dilution.

4




General aspects of dilution modeling

It is useful to compute expected
dilutions and plume locations under the
vast range of current regimes kikely to be
encountered near an outfall. The
information would be useful in optimizing
monitoring programs intended to sample
the distribution of ambient values of
effluent constituents in analyzing the
effectiveness of regulatory controls.
Given sufficient data on environmental
impacts in the region and accurate
exposure data, one could imagine that
regulatory agencies might evaluate the UPLUME (u=0)
societal benefits derived from modifying
the definition of critical initial dilution.
For example, perhaps the twenty or thirty
percentile value of current might be
employed, rather than zero current or the
ten percentile current, if data show only Figure 3. Dilution as a function of current speed.
a slightly increased adverse effect! The
increased uncertainty, and risk, associated
with calculated values based on these still developing physical models of turbulent dispersion
mechanics is not always recognized. It is a cost of attempting to describe more completely the
behavior of the plume under actual conditions.
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Critical Initial Dilution

The models described in this report are not constrained by any regulatory definition of
allowable current speed, although there are limiting current conditions that each model can
simulate. In relation to permit requirements of regulatory agencies it is necessary to think of
“allowable" initial dilution factors, or "critical” initial dilution factors based on conservative
values of parameters in addition to current speed. "Critical" values in terms of EPA’s 301(h)
permit requirements (USEPA, 1982) include consideration of current direction as well as speed,
and other environmental and wastewater factors. The importance of current direction will be
discussed subsequently in the report.

'The California Ocean Plan (State Water Resources Control Board, 1988) requires zero
current speed to be used in computing initial dilution values intended to predict compliance with
permit conditions. Whether intended or not, this regulatory approach results in a predicted
initial dilution that is less uncertain than would be obtained when the effects of current are
included. In the EPA reguiations for a permit modified by section 301(h) of the Clean Water
Act (USEPA, 1982), EPA allowed the lowest ten percentile current to be used in computation
of the critical initial dilution value. In many coastal settings the ten percentile value is below
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5 centimeters per second (cm sec-1), i.e., 0.16 ft sec-1, or less than 0.1 knot. At current speeds
this low there is essentially no effect on the rate of dilution.

Other environmental and wastewater flow considerations are not discussed, primarily because
the models are generalized to the extent that any set of regulatory constraints may be handled

in use of the models. Furthermore, these parameters do not influence the physics of plume
behavior.

Mixing Zone

Permit conditions of regulatory agencies usually allow exceptions within a mixing zone
adjacent to the point of discharge. With respect to EPA’s 301(h) regulations, the rationale and
the precautions associated with mixing zones, and the relationships to initial dilution are
described in Muellenhoff et al. (1985). The use of the initial dilution models since 1985 in

defining mixing zones and in computing allowable discharge concentrations has suggested the
need for additional discussion.

In nature, regulatory restrictions notwithstanding, the initial dilution process occurs over a
wide spatial range compared to the length of an outfall diffuser or the depth of water at the
discharge site. The effect of current on the scale of the initial dilution process is portrayed in

Figure 4. Under low current conditions, e.g. U = 0.1 m/sec, initial dilution is virtually
completed before the plume is carried

downcurrent a distance X, equal to the
water depth, for example 30 meters when
the buoyancy frequency N, a measure of
density stratification, is 0.03 per sec. In
a strong current the process can extend
downcurrent a distance equal to multiples
of diffuser lengths (Roberts et al.,
1989b). At a current speed of 1m/sec X;
would be 300 meters.

10000 3
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Recognizing this, what might a
regulatory agency prescribe as a mixing
zone, that is, a zone in which water
quality criteria are permitted to be
exceeded? If a conservative posture is 1 - .
adopted, the agency would allow a mixing c.o1 0.1 1 10
zone of 30 meters on both sides of the Ambient Current (m/sec)
diffuser. If a more liberal view prevails
a distance of 100 meters could be
established. With the possible exception Figure 4. Length of the zone of initial dilution as

of riverine settings, it is necessary in most a function of current speed.
cases to describe the zone on both sides
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of the diffuser because the currents during one part of a day are likely to be about 180 degrees
opposite those six hours later.

EPA has adopted the conservative posture, at least for marine outfall problems regulated
under section 301¢h). Thus a smaller area of the environment is removed from the general
region protected for unlimited wse. Organisms entrained into the plume would be exposed to
rapidly decreasing concentrations of pollutants and within minutes, e.g., three, would be in an
environment containing pollutamts at concentrations below the safe limit. The expectation is that
most of the time, e.g., 90% of the time or more, currents are sufficiently high to cause even a
greater rate of dilution. Under high currents the concentrations at the boundary of the mixing
zone would be expected to be less than the specified criteria values and quite possibly a good
portion of the mixing zone would actually meet the necessary criteria.

This expectation has not been rigorously tested. Hydraulic model tests conducted by Roberts
etal. (1989 a, b, ¢) suggested that situations might exist where the expectation is not realized.
The model UM can be used to generate simulated data that might be useful to test this
assumption. A hypothetical owtfall situation is described as follows:

EXAMPLE PROBLEM

Flow: 4.47 cubic meters per second
Number of 8.5 cm ports: 143

Port spacing: 7.3 m

Discharge angle: horizontal

Water depth: 76 m

A sample of the input and output for this problem is shown in Appendix 2. Model UM was
run for a range of currents, and the plume concentrations at a downcurrent distance of 30 m
were interpolated from the output data. (The Zone of Initial Dilution, or ZID, defined in the
301(h) regulations, would be larger but, in general, mixing zone regulations vary from state to
state.) The data shown graphically in Figure 5 demonstrate that, as currents increase, the
dilution increases to a maximum but then begins to decrease.

(Three noteworthy inflections appear in Figure 5. At current speeds lower than those
marked (a) the plumes reach maximum height inside the mixing zone and impinge on the
surface.  Adjustments have been made to cause the simulation to reach the mixing zone
boundary. All cases with currents less than (b) encounter the overlap condition to be described
subsequently. Finally, at speeds higher than (c) the plumes no longer merge.)

Assuming this example is somewhat representative, what importance should be attached to
the concentrations above a standard level at the boundary when the currents exceed a relatively
large value? Organisms entrained into the plume will have traveled with the rapidly diluting
wastefield for only a couple of minutes before the concentration is reduced below the standard,
whereas with a small current the exposure time in the mixing zone is approximately 10 minutes.
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Figure 5. Dilution at the mixing zone boundary as a function of current speed.

Organisms at and beyond the boundary will then be more greatly stressed than entrained
organisms in low current conditions. If for example the regulatory authority established the
mixing zone boundary to protect a community of benthic organisms from being exposed to
concentrations above the standard, then the standard will be abrogated when currents are large.
Even in unstratified ambients it is possible that high current speeds will cause effluent streams
to hug the seabed thus placing benthic resources at greater risk. Under low currents the plumes
will rise and be retained closer to the diffuser. Entrained organisms and near-surface resources
are more at risk under this scenario. Regulatory agencies may effectively incorporate this
knowledge into mixing zone boundaries which are narrower near the surface and wider at depth
based on these model simulations.

The term "near field" was adopted in narratives associated with the 301(h) regulations to
describe the region near the outfall inside the zone of critical initial dilution, and "farfield" was
similarly meant to apply to areas possibly impacted beyond this zone. For most cases "near
field" would be consistent with the term "mixing zone".

Dilution Factor

The dilution factor, S, , used in some regulatory applications, including the EPA model UM
is the reciprocal of the volume fraction of effluent, V, , contained in the diluted plume. An

e
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equivalent way of expressing this term is the ratio of effluent volume plus volume of ambient
dilution water, V, , to the effluent volume, as in Equation 1.

1 b))
T T T M
v )

Thus in the region immediately outside the discharge orifice the volumetric dilution factor is
very nearly 1. In some discussions of this term in other works, e.g. the California Ocean Plan
(State Water Resources Control Board, 1988), the factor is considered to be the ratio of the
volume of ambient dilution water, V, , to the volume of effluent discharged, V,. In this
definition the volumetric dilution factor approaches zero near the orifice. Above a value of 30
the difference in the two definitions is progressively less than 3%, an inconsequential amount
for most regulatory purposes.

The former definition, i.e., Equation 1 is used in this report. This is not an arbitrary
decision, but rather is based on the general equation used to calculate the contaminant
concentration in the plume. Using the continuity equation,

C, Vv, =C, v, +C, v, (2)

¢, = Cross sectional average concentration in the plume,
V, = Volume flux of the plume,

¢, = Concentration in the eftluent,

V. = Volume flux of the eftluent,

¢, = Concentration in the ambient dilution water, and
V, = Volume flux of the ambient dilution water.

Substituting V, + V, for V, and rearranging,

cC VvV +C Vv
c=e¢ a a (3)

p
ve +va

The volume fraction, Equation I, is a useful approximation of the concentration of a
pollutant in the diluted plume only if the pollutant concentration in the ambient dilution water
is very low compared to the concentration in the effluent. Thus if S, = 30 (which means the
effluent is diluted with 29 volumes of ambient water), the concentration of any volumetric tracer

or conservative pollutant in the effluent is one thirtieth the concentration in the effluent only if ,
the ambient concentration is zero. In the case of zero ambient concentration Equation 3 reduces P
to:

9
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c, Vv ’
V‘ + Va

Dividing both sides by c, and inverting,

c v, +V

e _ e a_g (5

A
LY

Equation 5 demonstrates that for the special case of zero ambient concentration the volumetric
dilution factor also describes the dilution of a pollutant. In most regulatory uses of the plume
models, however, it is necessary to consider the actual, nonzero, ambient concentration of the
suite of pollutants in the effluent. In the remainder of this report the term "effective dilution
factor” (S,,) is used to describe the dilution achieved for each pollutant in a plume. That is,

e, ©)
s, = =
i Cp‘

where the index, i, is used to demonstrate that in determining the final concentration of a
pollutant in the diluted effluent the etfective dilution must be determined for each pollutant
individually.
Effective Dilution Factor

It is instructive to recognize that S, is not necessarily constant for a suite of pollutants in
a discharge for any given volumetric dilution factor, §,. This is so because the ratios ¢,; / ¢
are not necessarily constant, and the volumetric dilution factor is determined only by the density
of the plume irrespective of the contribution made by any of the pollutants individually. The
effective dilution factor, S, can be determined from Equation 6 for each pollutant by first
determining the concentration of each pollutant in the plume. The general solution is related to
the volumetric dilution factor, S, , through Equation 3. First, multiply the right side of Equation
3byv,/v,, giving

C=e,e+a‘.a e (7)

Next, recalling Equation 5, substitute S,-/ forv, /v, ,and I /S, forv, / (v,+v,), Equation
7 becomes

10
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Cp' = ! S (8)

This is simplified to

c c
%5 "5 ©
i
Sd Sa

which is analogous to equation (1) given in Muellenhoff et al. (1985).

The advantage of Equation 9 is that for many situations the computer program for a plume
model needs to be run only once, that is, to obtain §,. With S, in hand c,; can be computed
repeatedly using paired values for c,; and ¢,. If ¢, is not uniform over the depth through which
the plume rises, an average value can be used to provide an estimate of c,.. However, this is
only an estimate as entrainment is not generally a linear function of the vertical position of the
plume in the receiving water. The new model, UM, described in this report accepts a tabular
input of the vertical distribution of ambient concentration and computes the actual, effective
diluted concentration. Since this model is quick and easy to run, there is only a modest
advantage in using Equation 9 to obtain subsequent estimates of ¢,

However with the CORMIX models and with RSB the dilution factors and plume
concentrations provided are based strictly on volumetric dilutions and must be corrected for the
ambient background. For a first order correction it is possible to assume the rate of dilution is
uniform over the rise to the trapping level so that if the ambient concentration is uniform over
that depth a simple correction can be applied using Equation 9. In the simple example problem
given above, the ambient pollutant concentration is given as 1.6 concentration units, thus a
volumetric dilution factor of 1000 results in a plume concentration of 1.698, or an effective
dilution factor of only 58.9! The influence of background on effective dilution is apparent.

Spatial and Temporal Variation of Plume Concentrations

The concentrations of water quality indicators, such as contaminants and desired constituents
(e.g., dissolved oxygen) are neither uniform nor steady with respect to the space and time scales
involved in regulating the concentrations at the end of the mixing zone. The nonuniformity of
constituents in the horizontal extent of an outfall diffuser is generally not investigated and is
usually assumed to be uniform, as is the incremental volumetric flux. If nonuniformities along
the length of the diffuser are encountered the dilution model can be run for each segment of the
diffuser that may be assumed uniform. A separate hydraulic model described in Appendix 3 is
included in the software. Vertical nonuniformity is more commonly encountered in design,
performance analysis, and compliance monitoring.

11
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Vertical nonuniformity is important to consider from the standpoint of the constituent
concentrations in the ambient receiving water, i.e., the dilution water mixed with the effluent
being discharged. The variations in the vertical are due to physical processes influencing the
advection of ambient water into the region of the discharge, and, for some constituents,
antecedent biological and chemical processes that have changed the form or concentration of the
constituent. Typically, field observations during synoptic surveys are relied on to provide
vertical profiles of the water quality indicators. Dissolved oxygen (DO) is an example of one
water quality indicator that exhibits vertical nonuniformity in many lake, estuarine, and coastal
situations. The concentration of DO in a plume is important to determine because of direct
biological effects, and because the strategy for effective regulation of DO at the end of the
mixing zone is strongly dependent on the relative intluence of effluent constituents and the
vertical profile of receiving water constituents. The way in which the dilution models are used
to analyze the plume DO concentration illustrates a method for dealing with other ambient
nonuniformities.

The Dissolved Oxygen Problem

The DO concentration in a plume is affected by the DO in the effluent, the chemical and
biological constituents in the eftluent which exert a DO demand, chemical and biological demand
factors in the seabed, and by oxygen demand in the water column carried by currents into the
region of mixing. The DO demand in the eftluent is conveniently represented by the effluent
parameter called the Immediate Dissolved Oxygen Demand, IDOD. According to Standard
Methods for the Examination of Water and Wastewater (APHA, 1975), IDOD is the amount of
oxygen consumed in a 15 minute reaction time. (Later additions of Standard Methods do not
include this method because the authors were not able to interpret the significance of the
measurement in relation to total oxygen demand.) Since mixing zones established under the
EPA regulations for 301(h) permits represent travel times generally of the order of less than 10
minutes, IDOD is a conservative estimate of the mixing zone demand. On this time scale
chemical and biological demands in the ambient are inconsequential although for farfield water
quality considerations after initial dilution they are frequently decisive. Under these assumptions
the concentration of DO in the plume, ¢, is tound using the equivalent of Equation 9 with an
additional term to represent the immediate demand, viz:

Cpoe ~ IDOD - ¢
S

a

DOa (10)

Cw=c +

To solve this equation it is necessary to have field data on the ¢, profile; the values of ¢,,,
and IDOD being derived from laboratory analyses. In many cases the ¢y, is low near the
seabed due to benthic demand, reaches a maximum at an intermediate depth in the water

column, and then is constant or slightly decreasing in the near surface layer of the receiving
water.
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In some coastal regions there are deep permanently anoxic or hypoxic basins. Lakes and
reservoirs may also have such basins, perhaps only seasonally. If an outfall is placed in an
oxygen-poor basin and the vertical density structure is such that the plume rises into near surface
waters, the resulting DO in the plume will be very nearly the same as the deep water, thus quite
likely abrogating a desired DO standard irrespective of the amount of oxygen demand in the
effluent. While the violation of the standard is not due to the pollutant discharged in this case,
it is due to the discharge of effluent! If aquatic organisms in the surface layers are sensitive to
low oxygen concentrations it will matter little to them if the deficit is due to effluent or deep
oxygen-poor water forced to the surface by the buoyant effluent. The potential for "forced
upwelling" or "effluent pumping”, as it has at times been labeled, should be considered in the
design of outfalls, both from a standpoint of selecting the site, and of the mechanics influencing
the height of rise of the plume. By careful balancing of those design factors which influence
final plume concentration, optimum strategies can be developed for achieving ambient standards.

Equation 10 is analogous to Equation VI-7 in EPA’s Revised Section 301(h) Technical
» Support Document (USEPA, 1982). However it is not stated that the tabular listing (page VI-21)
‘ of IDOD contributions to the final plume dissolved oxygen concentration are negative
contributions.

Recirculation, Quiescent Periods, and Other Temporal Variations

used in this report and, as such, they do not take into account temporal variations in any of the
variables. For most applications this limitation should not be a problem. In the EPA 301(h)
- regulations the effective initial dilution is determined for a set of effluent and receiving water
conditions that approaches a worst case scenario, that is, there is only a very low probability that
there would be physical circumstances under which a predicted final plume concentration would
be exceeded. The models can be used repeatedly however to generate a data set for a range of
values expected or observed in nature, as done for example to construct Figure 3 showing the
effect of different current speeds on volumetric dilution. Although this result is not a
time-variable solution to a buoyant plume problem the rate of change in dilution between two
current speeds is not an important consideration in regulatory practice, because the effect of
: current on plume behavior is nearly instantaneous. Thus it is eminently satisfactory to use the
i steady state model at discrete time steps.

i The models reported in Muellenhoff et al.(1985) were steady state models, as are the models
I

Data sets can be generated to show the frequency distribution of currents and associated
dilutions at a discharge site, as in Figure 6 (Baumgartner et al., 1986). From an environmental
management perspective it may be important to investigate the distribution of dilutions achieved
] as a result of seasonal changes. Figure 7 shows the monthly distribution of initial dilution values
1 calculated by UMERGE (MuellenhofT et al., 1985) for incremental changes in tidal currents
= superimposed on a steady longshore current for a typical U.S. west coast discharge site.

The dramatic effect of current speed, in this case the effect of tidal current, shown in Figure
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Figure 6. Dilution and current frequency.

6 demonstrates that most of the time dilutions at the end of the buoyant plume phase will be
greater than in the critical case used to specify permit conditions. In this example the critical
dilution appears to be about 35 whereas every month there are values greater than 100. When
field monitoring of the effluent concentrations is required it is important to recognize the range
of values that might be expected due to the range of ambient currents occurring as well as
variations in the effluent as it leaves the treatment plant.

Just as easily as Figure 7 was generated, a computer code external to the model could be
developed to generate a data set of dilutions resulting from variations of other variables, such
as wastewater flow and density stratification in the receiving water. Figure 8 is an example of
a response surface developed using UMERGE (Muellenhoff et al., 1985) to show the effect
either singly or combined variation in the densimetric Froude number, F, and the stratification
number, SP. The Froude number is a convenient way to independently investigate variation in
either wastewater flow or the design diameter of the effluent ports in this graphic.

Similar graphical representations of any three selected variables can be useful in analysis,
however, there are limitations of unknown importance if the variables chosen are not
independent. For example, although it would be possible to construct a response surface for
dilution, current speed, and density gradient, which would be accurate in the abstract sense of
these variables being independent in the model formulation, it is not likely that the range of
density gradients chosen would in nature be entirely independent of the current speed.
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Figure 7. Simulated annual variation in dilution.

Effect of Wastewater Flow on Dilution

Depending on the densimetric Froude number at the discharge port, the effect of increased
effluent flow per port on dilution can be shown to be detrimental, insignificant, or favorable.
With low Froude numbers as frequently found with municipal ocean outfalls, an increase in flow
causes a decrease in dilution, while at higher Froude numbers, as might be found with modern
power plant cooling water discharges, an increase in discharge results in an increase in dilution.
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Figure 8. UMERGE dilution response surface as a function of Froude number and
stratification.

According to Rawn, Bowerman, and Brooks (1960), the 1930 data from the Los Angeles outfall
provided a guide to the conditions under which the transition occurs (see Figure 9).

If density stratification or shallow water prevents the plume from rising very far, the
transition to increased dilution is seen in this graph to occur at lower Froude numbers. This
reflects the importance of high jet-like plume velocity near the discharge causing an increased
rate of entrainment and a greater horizontal travel before reaching the trapping level or the
surface. In deep water the vertical travel of the plume and the entrainment caused by buoyancy
over the major portion of the travel distance play an increasingly greater role than conditions
near the port in determining the final dilution. In deep water the transition to increased dilutions
would be seen only at very high eftluent flows.

An example of the effect of wastewater discharge flow on dilution can be seen in Figure 10
also. In this graphic the negligible effect of low current speeds as simulated by the model
UMERGE (Muellenhoff et al., 1985) is shown in the Roberts’ Froude number (Roberts, 1977).
Increased effluent flow causes the densimetric Froude number to increase from 0.7 to 7,
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Figure 9. Examples of plume rise, dilution (S,), and densimetric Froude number (effluent
flow) relationships.

resulting in a decrease in dilution in deep water from about 250 to 150.

Table I shows the effect of increased effluent flows
calculated by the UM and RSB models described in this Table I. Dilution factor, S,, predicted
report for the outfall characteristics described in more by UM and RSB vs. effluent flow
detail in Appendix 2. UM predicts a more substantial
negative effect on dilution for an increase in flow from o Dilution Factor
100 MGD to 275 MGD. The volumetric dilution (S,) at (MGD) UM RSB
the surface at 100 MGD is 314 while at 275 MGD it is

187. The volumetric dilution is not calculated at the igg g;g gg‘;
surface by RSB; instead the RSB model calculates the 183 222 384
volumetric dilution at the end of the buoyancy dominated 228 201 30

{ region assuming the water depth is sufficiently great to
% accommodate the complete initial dilution regime. Ata
flow of 100 MGD through this outfall the water depth
: would have to be greater than 65 meters to achieve a
1 .- dilution of 394. At a flow of 275 MGD, the water depth would have to be greater than 90
~ meters to achieve a dilution of 382. Later in this report example problems which are more
appropriately defined will be provided to examine the differences between the two models and
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Figure 10. Dilution response surface as a function of Roberts Froude number and the
densimetric Froude number.

the dilution values they calculate. The effects of port spacing and density stratification will be
explored in these examples also.

Depth as a Factor

Depth as a governing factor in the effective placement of ocean outfalls has taken on
significance that is not always warranted. It is true that all other things being equal, the greater
the extent of vertical travel experienced by the plume, the greater is the amount of entrainment.
If a location is chosen with greater depth but poorer circulation, the net result may be less
effective dilution of wastes than placement in a shallower but more open coastal area. This is
the major concern with placement of outfalls in fjords, embayments, and, in some cases,
estuaries, but this consideration must also be kept in mind when canyons, trenches, and deep
basins offshore are considered as outfall sites. The implications for seabed accumulation of
effluent particulate matter may be more important in the long run than the water column
implications of re-entrained effluent.

Offshore Distance and Depth

The rationale for great depth as a factor in design of ocean outfalls seems to have been
recognized empirically as a result of observations by A. M. Rawn on the Los Angeles outfall
built in 1937 (Pomeroy, 1960). The primary consideration evidently was to reduce nearshore
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pollutant (coliform) concentrations through greater travel times, and thus more die-off, associated
with outfalls further offshore. Greater depth, at least in the Southern California Bight was a
gratuitous benefit of offshore distance. Through thoughtful analysis of monitoring data Rawn
and coworkers recognized that lower beach coliform counts in the summer were in large part
related to summer density stratification at the discharge site. In designs for subsequent outfalls
submergence of the diluted sewage field was a conscious objective in addition to distance from
shore (Brooks, 1956). This dependence on depth took on unique significance in the early
legislative history of the 301(h) amendment, and was even proposed as the basis for granting
waivers in estuaries! EPA scientists suggested that physical criteria relating to effective seaward
displacement of pollutants from estuaries would be necessary in addition to depth and these were
then included in the final language.

Submerged Driftflow, Upwelling, Wind Drift

The practice of designing diffusers to retain the drift field in the pycnocline, a region of
large vertical gradient in density, below a surface layer may result in adverse implications for
nearshore water quality due to characteristic upwelling of deep water along some major
continental margins. This may not be a problem in the Southern California Bight, but needs to
be considered when exporting southern California technology to other locations. It has been
mentioned as a factor to be considered in outfall designs for the Oregon coast (Behlke and
Burgess, 1964). The concentration of contaminants carried nearshore may be higher than if the
outfall had been designed to take advantage of greater dilution offered by the full depth of water.
This is a tradeoff to be considered in light of the potential damage caused by onshore drift of
surface waters under prevailing winds in certain parts of the year.

By careful attention to wind, current and density patterns, it may be possible to design an
outfall so that the plume is submerged when there is the least chance of upwelling, and above
the pycnocline when there is the least chance of onshore winds. Most outfalls do not have the
design or operational luxury to allow for opening or closing some of the ports. For those that
do there is an additional option for adjusting the height of rise of the diluted plume.

Dye Tracing of Plumes

Dye tracing is a well known technique used in hydraulic models and prototype outfall
settings, although the cost of added tracers in prototype situations is considerable because of the
large volumetric flow rates and large dilutions usually achieved within several tidal cycles. The
rate of dye addition (Q,) to the effluent flow V, needed to provide a.dye concentration of ¢,
following dilution of S, is:
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V,c,a,8
= _¢d "a"a (11)
Q W a,

where
a, = specific gravity of ambient water
a, = specific gravity of dye solution
W = weight fraction of dye in stock solution.

The required dye rate in gallons per minute is shown in Figure 11 for various dilution
factors and effluent flows in MGD to achieve an ambient dye concentration of 1 ppb.
Rhodamine WT, typically used in dye studies, is available as a 20% solution (a, = 1.19) in
small (15 gallon) drums.

Spatial Averages and Discrete Values

Some buoyant plume models produce dilution factors in terms of the centerline
concentration, sometimes referred to as the "minimum” dilution for the cross section of the
plume at a given distance downstream from the orifice. As the plume radius continues to expand
with increasing distance, the minimum dilution progressively increases. For example the
centerline (minimum) dilution at a distance of 6 meters from the diffuser port may be 6 while
10 meters from the orifice the minimum dilution would be more like 9. Some models calculate
an average dilution for the cross section of the plume and this of course also increases
downstream. The average dilution is always larger than the minimum dilution. The appropriate
average is termed the flux-average dilution found by weighting the concentration distribution by
the velocity distribution over the cross section of the plume.

The physics of the dilution process is frequently based on the centerline mass concentration
so that the resulting calculation of average dilution is external to the physics. That is, if a
modeler assumes the effective width of a single round plume is defined by the five percentile
value of a Gaussian distribution, the average dilution will be less than if the 33 percentile value
is chosen. In either case the centerline concentration would be the same. For this reason
modelers would prefer to compare model results in terms of the centerline value rather than
average values. Both values need to be considered in field or lab verification studies, and both
values may be useful for regulatory purposes. Some models assume a uniform cross sectional
concentration (referred to as a "top hat" profile) equivalent to the centerline concentration.

UM uses an assumed profile to help establish minimum dilutions from predicted model
average dilutions.An opportunity to discuss minimum and average dilutions further is given in
the following chapter: "Example: A CORMIX1 Comparison, Density, Stability, and Profiles".
It should be noted here that while minimum dilutions are often of interest to regulators, average,
or "top hat", dilutions are more consistent with the dynamic requirements of plume theory.
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Figure 11. Dye flow rate to achieve 1 ppb in seawater with 20% Rhodamine WT.

Regulatory Use

Regulatory interest may be appropriately directed toward both average values and discrete
values. Unfortunately the state of the art of regulatory practice is not as sophisticated as plume
modeling and is generally constrained by lack of information on the temporal and spatial scales
of aquatic organisms’ responses to exposure conditions in natural settings. For some parameters
California (State Water Resources Control Board, 1988) and the USEPA (1986) specify
maximum allowable instantaneous and several temporal average values. If an applicable
criterion for a certain biological resource near the outfall is an instantaneous value, a discrete
value obtained over 5 to 30 seconds, as could be achieved by sampling methods used for plume
studies in the field, would be appropriate. Many such samples would be taken to attempt to find
the highest concentration of pollutants, i.e., the centerline value.

Additionally it might be argued that a biological resource at risk at any moment is
appropriately evaluated over an expanse of space so that a spatial average is required, again
evaluated in a short time period. The time period over which this averaging would take place
is unfortunately not easily defined in relation to "instantaneous". It certainly is not seconds
because it is impractical to acquire these data synoptically across the expanse of even one plume
diameter let alone a multiport diffuser. If the data are obtained in an hour or two during slack
tide, calm seas, and low currents, it is possible that the values will not be greatly different from
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one plume to the next in the same diffuser. Depending on the biology of the resource, either
the maximum concentration (the minimum dilution) or the flux average dilution might be the
appropriate value to use in determining compliance with "instantaneous” criteria applied to a
spatial resource expanse.

Criteria that are expressed in terms of temporal averages (daily to semi-annual) suggest that
plume concentrations be assessed extensively in three dimensions, both at the boundary of the
mixing zone and in some cases at sensitive biological resource locations down-current. Current
speed and direction play significant roles when assessing the concentrations at the boundary.

By incorporating data on the cyclical variation of effluent composition, density profiles, and
current direction it is possible to construct a running six month average (or median) for a
number of points on the mixing zone boundary. The six month average is expected to be quite
variable at these points, and the point with the highest exposure frequency may not have the
highest average concentration.

Beyond the mixing zone there may be regions where current streams of diluted effluent,
leaving the zone at different times in different directions, would converge over a reef, a kelp

Pacific
Ocean

Figure 12. Visitation frequency (percent) of effluent about the San Francisco Southwest
Ocean Outfall.
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forest, or a swimming area. Thus if frequency and duration are important exposure
characteristics in resource response, the exposure may be more critical even if the concentration
(intensity) is lower, as it almost surely will be. In this case current direction is important to
understand on a larger scale so that circulation patterns are evaluated. Some formal applications
of this "visitation frequency" approach (Figure 12) have been used in regulatory assessment of
criteria that are presumably "instantaneous" (Roberts, 1990). Depending on the size and nature
of the resource to be protected either discrete or spatially averaged values might be appropriate.

The regulatory authority may not need to prescribe specific criteria for each of several
segments along the mixing zone boundary. More likely they will be interested only in the
highest six month average concentration wherever and whenever it occurs. Thus the formal
methods for determining a relationship between frequency of occurrence, intensity of the stress
(concentration), and duration of the exposure for plume performance at the mixing zone
boundary are not rigorously established. However, designers, environmental scientists, and
regulators should assess these performance characteristics conceptually, and possibly with a well
chosen suite of model simulations, to conscientiously achieve responsible regulations and to
guide improvements in the state of the art. USEPA (1986) provides a method to evaluate the
appropriate relationship for ammonia in freshwater streams, which may be taken as an indication
that frequency, intensity, duration relationships developed for evaluating outfall performance
would be useful in improving regulatory practice.

Aside from the question of whether discrete values or cross sectional averages are used to
test compliance with criteria, the way in which field samples are used to verify or compare with
model results is an important consideration.

Verification Sampling

In laboratory or field verification studies of plume performance the average value is
measured or captured in a sample bottle only by chance. Characteristically the field value
measured is from a very small spatial region and represents a signal over a certain time span.
A large number of samples is sought from the same cross section in order to arithmetically
compute an average. In the laboratory, using a single plume, this is relatively easy to do. But
in the field where multiple plumes are usually involved, and a moving flow field too deep below
the surface to see is being sampled by a moving sampler from a moving boat, it is quite
uncertain what portion of the cross section the value represents. Attempts to acquire a large
number of samples from a different radial position of the same cross section are frustrated
because of the relative horizontal motions involved. Surface waves and possibly internal waves

in the pycnocline can also cause the sample to be obtained from a shallower or deeper cross
section.

For these reasons field veritication studies are best attempted for a cross section as far from

the orifice as practical as long as the region is still within the range where the buoyant plume
physics apply. Nearer to the orifice the values are changing more rapidly and the dimensions
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of the plume are much smaller, making it much harder to get the sampler in the right place, or
even in the plume. In addition it is best to conduct the study when currents are low so that the
plume rises nearest to the surface, shortening the interval between samples, as the sampling
device need not be lowered so far. Placement of the sampling device may be improved because
it may even be possible to see the plume. Aside from the use of the data for verification of the
physics, samples taken during low currents may be especially useful for verification of
regulatory compliance. Field verification data taken near the end of the initial dilution region
can be compared with controlled laboratory simulations for similar conditions, and then, if
necessary, the laboratory verification data can be relied upon for estimation of field values closer
to the orifice.

ENTRAINMENT FROM OTHER SOURCES AND RE-ENTRAINMENT
Regulatory Background

In drafting modifications to the Federal Water Pollution Control Act (Anon., 1982), the
United States Senate (Anon., 1983) proposed strengthening the authority of the Environmental
Protection Agency (EPA) to deny waivers from secondary treatment for publicly owned
treatment works (POTWs) discharging partially treated wastes into estuaries. Concern was
expressed for re-entrainment of contaminants discharged previously from the POTW under
consideration, and also for entrainment of contaminants discharged by other sources.
Amendments to section 301(h) of the Act appearing in section 303 of the Water Quality Act
(WQA) of 1987 (Anon., 1987) addressed these concerns:

Section 301(h) is amended by striking out "such modified requirements will not
interfere” and inserting in lieu thereof "....will not interfere, alone or in
combination with pollutants from other sources..."

and further on:
Section 301(h) is further amended by adding "....marine waters must exhibit
characteristics assuring that water providing dilution does not contain significant
amounts of previously discharged effluent from such treatment works."

These amendments suggested that EPA would need to revise the methods used to calculate
compliance with water quality standards at and beyond the boundary of a mixing zone. Three
topics needed to be addressed:

1. Definition of "significant amounts"

2. Entrainment of contaminants from other sources

3. Re-entrainment of contaminants from the proposed discharge

The water quality standard to be met is most easily assessed if it is expressed in terms of
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a concentration of a pollutant, i.e., a numerical criterion. For example, the California Ocean
Plan (State Water Resources Control Board, 1988) contains such limitations, a few of which are
listed in Table II, along with background seawater concentrations. The questions raised by the
1987 WQA amendments concern the proper value to use for the ambient (background)
concentration for certain environmental settings, and how much is too much for a given
discharge.

Table II. Concentrations of contaminants in coastal waters of California.

Contaminant Allowable
Background
Instantaneous Seawater
Maximum, C,
Concentration
Arsenic 80 ug/1 3
ug/1
Mercury 0.4 ug/1l 0.0005
ug/1
Silver 7 uq/l 0.16

Significant Amounts

The definition of significant amounts is easily resolved by use of mathematical models such
as UM. That is, signiticance, in the sense of "importance”, rather than a statistically computed
value, is eloquently expressed in the test of compliance against a numerical standard in this
model. If for a given setting Equation 9 provides values of c,; that are lower than the values of
C4;, then indeed the diluting water does not contain significant amounts of previously discharged
effluent. Thus the question of how much re-entrained eftluent is allowable is operationally
defined with the types of models that were already in use in 1987, and at least for this purpose
the 1987 revisions did not require a change in the models or their application. The major
question is, "What is the proper value to use for each ¢,?"

Relationship of Ambient Dilution Water to Plume Concentrations

The following discussions is intended to show that the amount of effluent that is allowed to
be re-entrained is a variable amount depending on the value of the standard, the amount of the
contaminant in the effluent, and the volume of entrained diluting water. This can be seen by
rearranging the terms ot Equation 8 as follows:

The requirement that the plume concentration of contaminant be less than the standard for each
contaminant can be expressed in the following inequality:
where c,; is the numerical value for the ith standard. Substituting the expression for ¢,; from
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¢ =l fae T (12)
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Equation 12 into Equation 13

c, c, S, - D
L . S ¢ (14)
s, s, "

For cases where the dilution factor §, is greater than 30 there would be less than a 3% error in
the second term of Equation 14 by approximating ¢,(S,-1) / S, by c,;. Then Equation 14 can be
written as:

-ii-<c.-c. (15)

Whether Equation 14 or Equation 15 is used, it is helpful to visualize the initial dilution
requirement in this form for three reasons. First, it clearly shows that a certain standard may
be met with different sets of values for ¢, and ¢,;. For example, if one effluent has an ammonia
nitrogen concentration of 120 mg/l and the local ambient is 3.9 mg/l, the California
instantaneous allowable maximum of 6 mg/l would be met if an S, of 60 were achieved.
Another outfall, or the same outfall at a different time, achieving an §, of 60 could meet the
standard with an effluent value of 305 mg/l if the local ambient were 0.9 mg/1!.

Second, the value of the ambient concentration is seen to be of the same relative importance
as the designated standard value in determining compliance. Thus if one locality has a standard
one unit higher than another, but the ambient is also one higher, the necessary ratio of ¢, / §,
is the same. In other words, both dischargers have theoretically the identical options of reducing
c,; or building a more efficient diffuser or any favorable combination of these options. And if
one locality has a standard one unit higher, and an ambient one unit lower, the discharger at this
location would have to meet a less stringent ratio ot ¢,; / §,, i.e., it is two units higher. This
relationship is shown in Figure 13.

Third, notice that S, is not subscripted with an /" meaning that S, is not dependent on the
contaminant under consideration, as explained previously. It may be helpful to think of a
"contaminant specific effective initial dilution" as the ratio of the concentration of a specific
contaminant in the effluent to the concentration resulting after the volumetric process of critical
initial dilution is achieved, i.e., ¢,; / ¢,. By rearranging Equation 12 and again accepting an
error no greater than 3% for dilution factors greater than 30, Equation 12 becomes:
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Figure 13. Maximum ratio of effluent concentration to S, for standard compliance and
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Expressed in this way it is clear that the effective dilution of the specific contaminant, limited

by regulation to less than a given numerical standard, depends on both S, and the ratio ¢,; / ¢,;.

Figure 13 graphically depicts that the ratio ¢, / ¢,;, the contaminant specific effective initial

dilution, is dramatically reduced below S, as the ratio ¢, / ¢,; increases.

This analysis has shown that the computational technique employed to test compliance with
numerical water quality standards does take into consideration the entrainment of contaminants
existing in the ambient dilution water. Thus the Senate revisions, contrary to first impressions,
did not require a change in the EPA evaluation procedures to determine "significant amounts"”
of previously discharged effluents.
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What is yet to be shown is how the value of ¢,; may be determined or estimated to reflect
the influence of other discharges nearby. The first requirement is for regulatory instructions to
explain clearly that ¢,; must accurately reflect the quality of the water entrained, i.e., the water
adjacent to the diffuser, not the water at some remote, pristine location. Thus, for example, the
"ambient” values in Table II are not likely to be generally useful, and may be inaccurate for
California coastal discharges.

Entrainment From Other Sources

In the case of existing discharges
it is not necessary to employ
mathematical models to assess the
amount of entrainment from other
sources, and the amount of re-
entrainment of previously discharged
effluent, because tield monitoring data
will reflect the combined result of
these factors. A priori assessment is
needed in cases where a major change ag |
in effluent quality is proposed, or the o , . ,
outfall is to be modified or relocated, -4 -3 -2 -1
and models are useful for this Relslive Ambient Concentration, Log(Cy /Cy )
purpose.

In the preceding sections it is
shown that the effect of entrainment
from other sources is properly
incorporated in mathematical models
such as UM as long as a proper data
set for the ambient concentration of
specific contaminants is used for
input. Data available for an existing outfall may be useful for the relocated site if it is within
the region covered by sampling stations, and sufficient vertical detail is provided in the data set.
The presumption is that the new site or the modified outfall (e.g., longer or more ports) would
provide better critical initial dilution. Since the data set would reflect both entrainment from
other sources as well as re-entrainment ot eftluent, the data set would provide a conservative
esimate. If the new site is outside the region sampled, new monitoring stations could be
established and coastal circulation models could be employed to assess transport of pollutants
from known sources in the region.

Equation 18

100 A
83 A
HG 4

40 A

Effective Dilution (Cei /Cl’i)

Figure 14.  Effect of ambient concentration on
effective dilution.

Entrainment into the plume of an outfall from other point and nonpoint sources is not
generally a problem in the open ocean because of many factors. In most cases there is a large
distance between point sources, providing ample opportunity for diluted waste to be dispersed
and carried away from the region of entrainment of another outfall. Also, the volume of
nonpoint sources of pollutants discharged directly to the ocean is small. Greater care is now
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given to locate modern ocean outfalls in well-flushed offshore environments rather than near
shore. The volume of coastal waters available for dilution of point and nonpoint sources is
great. For example, a 100 km section of coastal shelf out to a distance of 10 km with an
average depth of 25 meters contains 25 x 10° m® of water, about 5000 times the daily effluent
flow that might be generated by a municipality of 10 million people.

For a simple generalized case of contaminants transported from a source, for example
another outfall, the concentration contributing to the ambient at the new site can be determined
from Equation 17 (Brooks, 1960):

C

cp - max
‘ U b? 17
e e
" 16 €, X
where

¢,; = Plume concentration at the end of initial dilution
Cmae = Centerline (maximum) concentration at distance X
erf) = Standard error function of ()

U = Current speed in the X direction

b = Width in the Y direction (orthogonal to X)

€, = Constant Horizontal (Y direction) eddy ditfusivity
X = Travel distance

The model UM automatically computes the farfield dilution according to this equation
(labeled TSD Equation VI.2[) based on data entered into the model interface by the user, and
according to a similar equation based on an eddy diffusivity that increases longitudinally in
proportion to the 4/3 power of the plume field width (TSD Equation VI.20). (TSD refers to
EPA, 1982).

These dilution factors assume negligible contribution from contaminants in the ambient
water, thus they must be reduced to represent the eftective dilution at the down-current site.
Figure 14 can be used for this purpose, substituting ¢, tor ¢, in the abscissa term. These
dilution factors are minimums, that is, a cross-tield functional form such as a Gaussian curve
should be used to estimate the cross sectional average. The total dilution is the product of §,
and the cross sectional average dilution of the drift flow. The model has not been proposed for
analysis of diffuse sources or riverine inputs.

It must be recognized that the dispersing plume from one outfall will contaminate near
surface waters while the principal source of entrainment for another plume is the deeper waters.
Verified two-layer circulation models for the coastal segment under consideration may be useful
to estimate the vertical exchange of contaminants as well as horizontal migration, thus providing
an estimate of distant deep water quality.
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Diffuse source inputs and episodic events are difficult to deal with in assessing the quality
of ambient water expected to be entrained into new outfalls. During major storms that may
occur as frequently as two or three times per year in the northeast and northwest, annually in
the southeast, and perhaps once in ten years in the southwest, (1983 in the Los Angeles Bight,
1988 in Hawaii), storm runoff flushes riverine and estuarine contaminants into the coastal
waters. Wind driven currents and waves re-suspend coastal sediments and distribute
contaminants throughout the waters of the nearshore continental shelf, in many cases causing
impairment of water quality entrained into ocean outfall plumes.

Mathematical models of coastal circulation may be able to predict dispersion of a given slug
of contaminants washed out of an estuary up the coast from an outfall. Under storm conditions
large dilution factors would be expected, however it is unlikely data are available to quantify
contaminant levels in estuarine discharges. Direct land runoff and runoff from combined and
storm sewers discharging directly to the ocean complicate both the analysis of transport and
dispersion calculations as well as specification of contaminant levels.

Single-layer circulation models are likely to be inadequate in assessing runoff related effects.
Depending on the concentration of dissolved and suspended materials, the bulk density of the
runoff-contaminated coastal waters may be sufficiently low so that a short time after subsidence
of the storm, deep denser offshore water will gradually move in toward shore and the turbid
storm water will be carried in a thinner lens on or near the surface. Since a large percentage
of the water entrained into the plume occurs at depth, there may be considerably less
entrainment of contaminated storm water into the plume than would appear to be the case as one
views the situation from the surface (or tfrom the air). Mathematical models of coastal
circulation may not be as useful tor the period just on the heels of the storm event because of
the difficulty in dealing with multi-layer flows in the high energy coastal environments. Because
of the importance of entrainment at depth in achieving the proper degree of initial dilution before
reaching the level of buoyant equilibrium, it is not appropriate to use a one-layer model which
assumes the water column is completely well mixed under conditions of low currents.

During the storm event it is reasonable to expect that water quality values related to human
use of the marine resource in the vicinity ot the outfall might well be suspended de facto. For
example, sport fishing and scuba diving are not likely to be engaged in near the outfall during
a coastal storm. Consequently no harm is expected to be done to this use if effective dilution
during the storm is impaired by entrainment of poor quality ambient water.

No references have been identified describing the behavior of marine organisms during storm
events and their response to the mixture of effluent and runoft constituents. Their sensitivity
must be considered irrespective of the suspension of human uses. There may be sufficient
resiliency in coastal ecosystems so that short period perturbations can be accommodated. The
incremental perturbation due to entrainment of runoff-contaminated ambient may be either small
or large compared to average shelf conditions, depending on the circumstances of each event and
each locality. It should be recognized, however, that even with entrainment of contaminated
dilution water, the amount of dilution will be significantly increased over that predicted by
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conservative plume assessments specified by EPA due to the much greater energy dissipation
occurring during storms. The net effect may be that organisms will experience a much lower
concentration of pollutants during a storm than in the average case.

Given the concern over the inapplicability of models for the complex cases of shelf advection
of pollutants in a variety of conditions, monitoring data may be the best option for estimating
ambient quality under all conditions. In light of the generally poor water quality data base
available in coastal shelf areas, if there is indeed a national priority for improvement of methods
tc estimate entrainment of other sources into extant outfall dilution fields, there is an opportunity
to build a monitoring network that will serve a host of other highly important coastal resource
issues. A report of a panel convened by the Marine Board (Eichbaum et al., 1990) contains
recommendations for improvements in this area.

One important advantage of the use of field data to determine the quality of dilution water
over the use of model simulations is that it is an opcrationally responsive approach. As new data
are obtained, management options for control of the point source or the remote source, or both,
can be balanced.

Re-entrainment from Existing Discharge

In addition to contamination of dilution water from other sources there are circumstances
under which an existing discharge can re-entrain a portion of previously discharged effluent.
However, the farther offshore an outfall is located the less this is likely to be a problem.
Coastal currents and winds, which dominate replenishment of coastal waters with relatively clean
offshore water, are not likely to be suppressed to the extent that flushing of diluted effluents is
materially impeded for long periods of time. Under critical conditions of low wind and current,
diluted effluents rise to the surface or to a level of buoyant equilibrium in the pycnocline. Water
which is entrained between the discharge on the seabed and the spreading layer is not
contaminated with previously discharged effluent due to the density stratification, thus C, is not
increasing with time. Tidal currents typically have a rotational character so that previously
discharged effluent is carried some distance inshore on one reversal past the discharge point and
offshore past the diffuser on the next reversal. Again, under stratified, low current conditions
the effluent rises nearly to the surface or at least into the upper mixed layer. It does not remain
at depth where the majority of entrainment takes place.

In shallow coastal settings wherc some outfalls historically had been placed, vertical
turbulence is sufficient to reduce the degree of density stratification. If the discharge site
happens to be between headlands the replenishment of shelf water by deep ocean water may be
significantly restricted. In either of these settings partially diluted effluent can be returned to
the deeper water levels and effective dilution can be substantially reduced. EPA has provided
the model DECAL (Tetra Tech, 1987) to deal with this problem in a general coastal setting, i.e.,
not necessarily near shore, however it is restricted to cases where vertical turbulence is sufficient
to cause complete vertical mixing near the outfall. Coasta! circulation models and monitoring
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data as discussed in preceding sections may be used for these cases as well.

Relocation of the terminal end of an outfall to a site further offshore is frequently considered
among the options to reduce environmental impacts of wastewater disposal. Another possible
scenario for relocation of an outfall is lateral displacement upcoast or downcoast from the
present location at about the same distance offshore. The rationale might be to minimize
distance to the location of a new treatment plant, or any number of water and sediment quality
considerations, If topographic and bathymetric features are similar at the former and proposed
site, the circulation features will be similar. Re-entrainment could then be estimated taking into
account any differences associated with the characteristics of the new diffuser. Monitoring data
on conditions around the outfall to be replaced would be useful in estimating the degree of
re-entrainment.

Entrainment and Re-entrainment in Estuarine Discharges

The above discussion focuses on open ocean conditions. For estuarine discharges the use
of Equation 17 may not be appropriate as advection and turbulent mixing is not so conveniently
described by this simple model. Monitoring data and estuarine circulation models may be
useful, although point and diffuse sources may not be well characterized.

Compared to waste discharges along a stretch of open coastline, discharge of effluents into
an estuary almost surely guarantees recirculation to other points in the system, and the
entrainment of effluents from other sources into the plume generated by the outfall in question.
Estuarine water quality analysis techniques have improved steadily since an EPA resource
management assessment was made in 1971 (Ward and Espey, 1971). The assessment of
research needs to support a national estuarine research strategy (Menzie and Associates, 1986)
cites examples of additional model development that is still needed, but the state of the art is
sufficient already for many management purposes. It is possible to adapt available models to
many if not most estuarine problems and to conduct simulations with computers available to
every modern regulatory program.

EPA maintains an estuarine modeling repertoire and provides computer programs and
documentation manuals to potential users. These can be used to estimate the steady state
concentration of contaminants at a varicty of sites in the estuary given the mass loadings and
input locations. Some modcls may be able to simulate varying concentrations of pollutants
within a period of critical conditions such as portions of a tidal cycle. As water quality criteria
become sophisticated enough to address short time variations the demand for detailed data on
time varying mass inputs will begin to limit the utility of the models. Simulations conducted for
all source inputs except the extant outfall, compared to simulated water quality in the absence
of inputs, will show the effect of "other sources” on the quality of water entrained in the outfall.

Monitoring data would be useful for verification of the modeling results except for the fact
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that monitoring data will include the contribution from the extant outfall. For example, if
several of the other sources contribute nitrogen, monitoring data could not partition the
estuary-wide distributioa of nitrogen since a municipal outfall also contributes nitrogen. It would
be rare, and extremely valuable, if baselinc monitoring data were available over long enough
periods of time to provide some verification of the pristine case.

Use of an Intrinsic Tracer

There is a possibility, though unlikely, that a surrogate approach to partitiening of
contemporary monitoring data may be useful. If the effluent were the unique (ambient
effectively zero) source of any water quality constituent whose physical, chemical and biological
fate mechanisms were known, or could reasonably be assumed to be inconsequential, the
distribution of this tracer throughout the estuary could serve as a proportional marker for any
other constituent in the outfall.

Thus if the tracer was at concentration 10 in the outfall and contaminant "X" was at
concentration 4, then at some point in the estuary where the concentration of tracer was found
to be 0.1 and the concentration of "X" was found to be 3, the amount of "X" from other sources
could be found by solving Equation 9 first for S, using the tracer data and then solving Equation
9 for c, using the contaminant data and the value found for S,. Of course the behavior of the
surrogate and the contaminant "X" must be the same or adjustments to the correction have to
be made to account for any differences in coagulation, adsorption, decay etc. While easily
stated, this environmental behavior question may limit the practical use of the approach. No
literature citations have been found that report use of this technique although in a practical sense
it is of the same form of approach as injecting dye or some other tracer to determine the
estuarine distribution of outfall constituents generally.

Salinity as a Surrogate Effluent Tracer

Under some specialized situations the distribution of salinity, which is more easily verified
than nonconservative pollutants, can be an efiective surrogate for a nominal effluent constituent
in the water column. The simplest case is when an effluent is proposed to be discharged near
the major freshwater inflow to the estuary.

In the case of a discharge near the entrance, salinity may be an approximate surrogate only
if the wastewater flow is very much smaller than the incoming seawater volumetric flux during
periods of small tidal exchange.

Unfortunately, neither case deals with the question of environmental fate factors (adsorption,
speciation, decay), and surrogate values based on salinity have to be modified to account for
evaporation, direct rainfall, and other influences on the salinity value. Nor are salinity
distribution patterns useful for estimating particulate sedimentation values, which may be the
most important consideration because the 301(h) modified permit usually results in greater
suspended solids emissions than would be achieved with full secondary treatment.
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FRESHWATER DISCHARGES OF BUOYANT EFFLUENTS

The buoyant plume problems of major interest to scientists and regulators have typically
involved the discharge of lighter material into a denser environment, such as a smoke plume in
the atmosphere or freshwater sewage eftluent discharged into the marine environment. The
models developed for these cases are also able to handle the discharge of heated water into a
colder lake because of the slight density difference associated with temperature differences.

The models may be employed in some riverine situations as well as in lakes. That is, if the
effluent is warmer than the river and is discharged at depth, the eftluent would be expected to
behave as a buoyant plume. The relative size of the diffuser ports in relation to the depth of the
river may be important in achieving the dilution factors predicted by the models. Muellenhoff
et al. (1985) recommended the depth be greater than ten times the port diameter, although there
is no strong experimental or observational basis for this rule. Rather it is based on the
knowledge that plume models were developed for deep water discharges and modelers are not
confident in extrapolating verification data from deep water situations to shallow water
applications.

For riverine situations in which the effluent is discharged through a multiport diffuser placed
along the stream bed in the direction of tlow rather than across the current, only the RSB (line
source) model in this report may be applicable for analysis of the dilution field.

Industrial wastes discharged to rivers or lakes may have bulk densities greater than the
receiving water due to high concentrations of dissolved contaminants. But if an effluent is
substantially warmer than the lake or river the net result might be a lesser density and a
positively buoyant plume would develop from a discharge at depth. However, modelers should
be aware of the nonconservative nature of heat in describing the density of an effluent at the
discharge point. The wastewater temperature at the diffuser port may be significantly lower than
at the treatment plant due to heat lost as the eftluent runs through an underground and
underwater sewer. )

Because most rivers will not have density gradients it is likely that warm water plumes will
reach the surface of the receiving stream, and the surface plume will be subject to heat exchange
with the atmosphere. The models in this guide do not incorporate atmospheric heat transfer
functions so that any temperature output generated after the water surface is encountered must
be accepted with caution. For short time periods atmospheric heat exchange will not make a
large difference.

The subjects of subsurtace and surface discharges of large heated effluent flows as for
example from thermal electric power plants are treated in many reports.
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The special phenomenon of nascent dense plumes, initially buoyant thermal plumes
discharged into near-freezing freshwater, which rise briefly before becoming dense and sinking
to the bottom are discussed in the next section.

NEGATIVELY BUOYANT PLUMES

Many industrial wastes whether discharged to tresh or marine waters have sufficient
dissolved or suspended solids concentrations so that the bulk density is greater than the receiving
waters into which they are discharged. The cases can include wastes discharged horizontally or
at an angle (including 90 degrees) downward trom the surtace or upward from the seabed.
Simple plume models such as UPLUME (Muellenhoft et al., 1985) have been used to fashion
a surrogate solution to the problem of predicting trajectories and dilution factors for vertical
discharges of negatively buoyant wastes. This has been accomplished by recasting the problem
in terms of an analogous positively buoyant case. '

It may help the reader to appreciate this approach by pointing out that many laboratory
experimental data sets, and photographs, of positively buoyant plumes rising from the bottom
of a simulated stably stratified ocean are in fact results from a negatively buoyant plume
discharged from the surface, sinking toward the bottom! The laboratory experiment is set up
this way for the physical convenience ot the modelers. The photographs are typically presented
in published reports upside down so that they visually depict the conceptual problem being
addressed. The proper analogy is efiected by due regard to the density differences between the
plume elements and the local ambient so that the forces acting on the plume element are the
same regardless of the direction of motion. Thus a freshwater plume rising from the seabed is
simulated physically by a heavy liquid sinking in a lighter fluid. The mathematical simulation
is analogous, and the printout from the computer program is an equivalent, surrogate solution.

An example of the above approach is the simulation of dilution factors computed for near
surface, downward discharge of drilling fluids into a marine ambient by Ozretich and
Baumgartner (1990). In this example the mathematical models PLUME, OUTPLM, and
DKHPLM, which would accept only positively buoyant discharges directed up from the seabed,
were provided input for a surrogate freshwater discharge into an ambient having an initial
density difference and a density gradient equal and opposite to the prototype situation. The
mathematically simulated results were comparable to data from a physical model of heavy fluids
discharged downward trom the surface, i.e., exactly as in the prototype.

Extrapolation of the usual plume model results to cases of very large solids concentrations,
and slurries or solutions with very high specific gravities compared to the ambient fluid may
violate the Boussinesq approximation which is generally assumed. This assumption,
incorporated in plume models to simplify calculations, requires that density differences between
the plume and the ambient must be small compared to the density of the fluid. For example,
the specific gravity difference between sewage and seawater compared to seawater is
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approximately 0.02. Sewage sludge is about the same, whereas drilling fluids used in offshore
oil exploration could have a ratio of as high as 0.5! Clearly 0.5 is not a small difference
compared to 0.02, but there has not been a rigorous examination of the importance of the
Boussinesq assumption in plume modeling, or for that matter what a useful criterion is for
judging "small." Morton (1959) pointed out that density differences are rapidly dissipated within
a short distance from the orifice, suggesting that violation of the Boussinesq approximation is
not very serious for the major flow region. Fluid modeling studies by Roberts (1977), and by
Roberts, Snyder, and Baumgartner (1989 a, b, ¢) show no effect of the ratio over a wide range.

In the hydraulic model studies of drilling fluids reported by Ozretich and Baumgartner
(1990), drilling muds with specific gravities as high as 2.17 were adequately modeled by the
model PLUME (Teeter and Baumgartner, 1979) as judged by comparison to measured depth of
penetration to the level of buoyant equilibrium. The ratio of predicted to observed depths
averaged 0.93 (S, = 0.03) for 27 trials.

The model UM described in this report will accept direct input matching all physically
observed positively or negatively buoyant plumes discharged at any angle from either the surface
or the seabed. Furthermore it does not depend on the Boussinesq assumption. Other models
accessed through the UM interface may or may not produce output for certain negatively
buoyant cases, and output which appears complete for other than positively buoyant plumes
discharged from the seabed must be considered carefully by the user.

Nascent Density: Thermal Discharges to Cold Water

A special class of negatively buoyant plumes are nascent dense plumes, plumes which begin
as buoyant plumes but reverse buoyancy, becoming dense and sinking to the bottom or to some
more deeply submerged trapping level. The best known examples are thermal freshwater plumes
discharged to freezing ambient treshwater (Frick and Winiarski, 1978; Frick, 1980). The
behavior, which can also occur in brackish water up to a salinity of approximately 14 o/oo,
occurs because the plume, as its temperature cools by mixing with water near the freezing point,
becomes denser than the ambient because the maximum density of freshwater is around 4 C.
Thus, if the temperature of the ambient is less than 4 C, the potential for the nascent dense
plume phenomenon exists.

The non-linear equation of state used in UM may be used to model nascent dense plumes,
as explained in the chapter entitled: "A CORMIX| comparison, density, stability, and profiles”.
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PARTICULATE DISCHARGES

Particulates in fluid discharges may vary from 10 ppm in municipal secondary effluent to
over 100,000 ppm in drilling fluids. The mass of solids may contribute to the bulk density of
the fluid, influencing the transient behavior of the plume and its equilibrium position. For
municipal effluents this contribution is neglected because of the low concentration of particulates.

Simple plume models (e.g., UPLUME) have also been used to analyze the behavior of
municipal sewage sludge in relation to alternative discharge methods such as pumping from
barges. Comparison of the mathematically simulated results to small scale hydraulic models
results demonstrated that sewage sludges containing between 2 to 6% suspended solids have
essentially the same properties as aqueous solutions of the same bulk densities. As the buoyant
equilibrium level is reached in a density stratified ambient fluid the particulates begin to separate

Figure 15. Separation of plume and flocculating particulates.

from the diluted sewage field, some rising, some settling, with or without flocculation. See
Figure 15.

The physics of plume models does not attempt to describe the behavior of particulates within

the buoyant plume region or following equilibrium, except to the extent they behave as part of
the fluid continuum. Models are available (USEPA, 1987, Bodeen, et al., 1989) to simulate
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the dispersion and settling of sewage effluent particulates based on pioneering work of Hendricks
(1982, 1983) in the Southern Calitornia Bight. These models may be applicable for analysis of
other types of particulates. It should be borne in mind that the equations of state used in UM,
RSB, and CORMIX are not necessarily appropriate for the tluids at hand. (Some additional
amplification on this point is found in the section entitled: "Example: A CORMIX1 Comparison,
Density, Stability, and Profiles.")

It may be possible to intluence the behavior of particles in relation to the physics of
sedimentation by adjusting the discharge conditions at the diffuser port, especially the exit speed.
High exit speed may break up agglomerated particles causing them to behave as discrete particles
at the equilibrium level. Low exit specds may preserve the integrity of agglomerated particles
and enhance the flocculation of others prior to arrival at the equilibrium level. This is a separate
area of research beginning to be questioned. Attention so tar has been focused primarily on the
interactions of particulates following the transition from plume mixing to ambient turbulent
transport (Hunt, 1990). Whether or not discrete or agglomerated particle are the more
environmentally benign form has not been rigorously established, although a task force report
of the Marine Board suggests dispersal is preferred to seabed accumulation (NRC, 1986). This
recommendation is based on broad physical considerations rather than detailed ecological
considerations which may be preemptory.
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USER’S GUIDE TO THE PLUME MODEL INTERFACE, "PLUMES"

INTRODUCTION

UM and RSB are mathematical models for analyzing and predicting the performance and
behavior of plumes formed by fluids discharged from orifices and diffusers into aquatic
environments. RSB and UM are offercd as options to users of the PLUMES interface, a master
program system that the user manipulates. PLUMES also supports UPLUME and ULINE
(Muellenhoff et al., 1985) by providing a way to create UDF files from PLUMES input data.
An essential element of the intertace is the data entry scoreboard-appearing interface, something
akin to an annotated spreadsheet in Lotus, that allows you to describe effluent parameters,
environmental conditions, diffuser design features, and computer controls.

Several separate programs comprise the system: the initial dilution models UM and RSB,
the Brooks farfield dispersion equations, the flow classification algorithm of CORMIX]1, the
interface PLUMES, and a program for estimating the hydraulic characteristics of the outfall,
PLUMEHYD. All except PLUMEHYD are integrated into the PLUMES interface to work
together and help reduce the amount of time required to analyze various plume problems, or
cases. With the resident CORMIX flow classification algorithin, PLUMES can also offer
recommendations on model usage that go beyond the built-in models found in the interface,
including EPA CORMIX1 (Doneker and Jirka, 1990), CORMIX?2 (Akar and Jirka, 1990), and
CORMIX3 (Jones, 1990): tor single port discharges, diftusers, and surface discharges
respectively. More comprehensive recommendations on model usage are provided in Appendix
1. The ultimate goal is to make it easier to explore options, conduct sensitivity analyses, and
generally produce more in-depth project reviews, designs, or assessments in the limited amount
of time available to you. The interface provides limited control over output format to help in
writing reports.

Guidance in using UPLUME and ULINE may be found in Muellenhoff et al. (1985).
PLUMEHYD is described in Appendix 3.

The interface has several main structures to activate the various PLUMES functions and
resident models:

the case (or record)
cells

pop-up menus
dialogue windows
help windows
configuration string

® & & ¢ 0 o

In addition, various specialized built-in features are included to support the analytical
process. Perhaps the most unique specialized capability is the conflict resolution feature which
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allows many ways of defining the problem, i.e. entering different sets of variables, and,
consequently, must be able to detect instances of conflict when they occur and help to remedy
them. The following tutorial chapter demonstrates the conflict resolution mode.

Another feature is a units conversion capability which helps minimize the need for a
calculator.

The structure, commands, special capabilities, and the models work together to help you
analyze initial dilution, mixing zone, and farfield dispersion problems. The level of refinement
available in each of these zones varies considerably, being very high in the near field and
becoming progressively simpler in the fartield.

PLUMES STRUCTURE

When PLUMES is started, introductory information is displayed which must be
acknowledged by pressing any key. Once acknowledged, the main screen, often referred to as
the interface level or simply the interface, appears. An example of the interface is given in
Figure 16. The screen represents a single problem, or case, which, as the information in the
upper right corner implies, could be just one record in a file of many cases.

To help enhance the readability of the interface, the display is in color.

Jun 19, 1992, 11:35: 6 ERL-N PROGRAM PLUMES, Jun 10, 19S2 Case: 2 of
2
Title Sand Island validation: no blockage

tot flow # ports port flow spacing effl sal effl temp far inc far
dis
4.469 285 0.01568 7.315 0.0 25 500
2000
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

70.1 0.085 0.08500 2.763 2.763 0.000 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts
F
0.84 0.0 1.0 -2.893 100 55.26 18.40
2.044E~-14
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
# 90 7.315 24.080.00001000 0.000453 0.15
2763000.00004871
depth current density salinity temp amb conc N (freq) red
grav.

Figure 16. The PLUMES main screen, or intertace level. (Software version is in color.)
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The greater part of the interface is occupied by cells. In general, each cell has a short label
and a space beneath it for numeric data (the value of the mathematical variable). The title cell,
occupying the second line, is longer and is suited to alphanumeric input. In the main body of
ambient cells used to define conditions in the receiving water, stacked cells share common
labels.

The cells are organized into blocks of different colors. Hypothetically, outfall structure
variable labels are on magenta background; effluent characteristics, brown; miscellaneous
variables, gray; ambient variables, green; and specialized information, red. The actual colors
depend on the brand and settings of the monitor in use. There is also a pause cell (here headed,
unless it has been changed by you, by "hor dis> ="), near the lower right hand corner of the
interface, which may be used with UM to control output of information under specified
conditions. The color of the numeric information in the cells is either displayed in yellow or
in white, depending on whether the information was entered manually (or selected from a default
value) or was computed by PLUMES. Yellow variables are independent variables; white ones
are dependent. Only some of the cells, which are selected to suit the problem (independent
cells), need to be specified -- PLUMES computes the rest (dependent cells). This flexibility
makes it possible to define problems in a variety of ways.

At the top of the interface is a clock, the PLUMES version identification, and the case
counter. At the bottom are three lines of data: the first is reserved for the CORMIX flow
classification predictions and modeling recommendations, the second is the dialogue line, and
the third contains basic help information, program configuration identification, and the name
of the file of cases in use.

The dialogue line may be passive, displaying useful information that is relevant at various
stages, or it can be active. awaiting instructions to continue. Sometimes you are alerted to new
information in the window by sound. An example of a passive message explaining how to use
the menus when the F1 key is pressed is shown in Figure 17. When action is required, the

Hit bolded letter or arrow keys and <CR>; use control sequences for speed

Figure 17. An example of the dialogue line.

options, typically consisting of keystrokes. will be displayed or a cell will be provided for
inputting string information, such as a file name. The latter often display a default string which
may be accepted or simply typed over, referred to as typeover input. At least one command,
<fill New file>, uses its own special dialogue windows.

Except for some of the editing commands which are described only in the Miscellaneous

Editing Commands section, the commands can be selected from several menus, the main one
of which is shown in Figure 18 as it appears as a window on your screen. The menus are
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1
Title Sand Island validation: (no blockage) TRR case.
tot flo——— Main menu ——— spacing effl sal effl temp far inc far
dis
4.46| run rsB program l 7.315 0.0 25 500

V 2000

o plume del run Um program |otal vel horiz vel vertl vel asp coeff print

. frq

] 70.| show Independents |  2.763 2.763 0.000 0.10

: 500

port ele| units Konversion }effl den poll conc decay Froude #
hoberts F
0.8] List equations | -2.893 6.le8 18.40
2.044E-14 v
hor anqlLﬁqet Work file [ current far dif far vel K:vel/cur

’ Figure 18. The main pop-up menu superimposed on the PLUMES interface.

a provided mainly as a memory aid, and, in general, it is faster to use the keystroke form of the
commands at the interface level. The » symbol after some of the commands on the main menu
indicates the presence of sub-menus. The implementation of the menus is explained below.

A €§;
: Help for variable: den = effl den sigmat

Effluent density. When calculated from temperature and salinity,

the salinity is assumed to have the composition of sea salt. If the

density is independent, a linear eguation of state is assumed (see

T

Example 2 in the manual for more detail).

Equations and variable definitions:

den (dena+1000) /(1.0 +vel*vel/(g*dia*abs{Fr)*Fr}) - 1000

{ note single use of abs to retain sign }

(dena+1000)/(1.0+gp/g)-1000

dena -SP*(dena-dal)*dia/pdep

sigmat{s,t).

Figure 19. Example of a "cell definition window.'

C’ cell.

The help window for the plume density
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The most pervasive help screens are the cell definition windows. These come up by issuing
the <List equations> (“L) command on the main menu. The information provided is specific
to the cell identified by the cursor and has one of two torms. An abbreviated form is used when
the file EQNS is not in the current directory; it consists only of a definition of the cell and
descriptive notes. With the file in the current directory, a second form adds the equations that
are used by PLUMES to define dependent (white) variables. Figure 19 gives an example of the
latter form, showing the terms involved in computing density by several methods. If file EQNS
is not in the current directory because it was not copied or was deleted, it may be restored from
the original disk.

The Configuration string appears in the middle of the bottom line of the interface. Each
character in the string is a mnemonic for different program attributes. Changing the string will
cause the program to work in one of several fundamentally different ways. For example, the
"O" in "ATNOOQ" in Figure 16 indicates that the plume model UM, under overall control of the
PLUMES interface, will terminate the initial dilution phase (near-field) if and when the
mathematical condition of element overlap is attained.

The Configuration string can be different for each case in the case file.

INTERFACE CAPABILITIES

It is easy to be unaware of some of the special capabilities available in PLUMES because
all are not controlled directly. However, understanding them will enhance the use of the system.
The more notable ones are described below:.

an unstructured data input environment

a contlict resolution mode for resolving many over-specified input conditions
a configuration file

selection from multiple solutions to governing equations

display based on significant digits

* & 6 oo

Perhaps the most outstanding feature of the interface is its unstructured data input
environment. The user is tfree to move about, skipping over cells, just as in a spreadsheet
program. This facilitates "what itf" inquirics.

The unstructured environment would not have much purpose it all the cells had to be filled
in anyway. But, in fact, only some of the cells need ever be filled. The reason is that
PLUMES provides redundant variables as a convenience. For example, there are cells for the
total flow, number of ports, and port flow. Since it is assumed that all ports have equal flow,
only the first two cells are necessary to specify the port tlow. (Given that they are specified,
the port flow should not have to be input, in fact, it would be potentially incorrect to do so
because the value could be inconsistent with the total flow, which, as is explained below, would
be brought to your attention by the conflict resolution algorithm.) In this case the total flow and
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number of ports are displayed as independent variables, i.e. in yellow, while the calculated
(dependent) port flow cell is displayed in white.

For even more flexibility data can be entered into cells already containing information. If
the superseded value was yellow (independent), the atfected dependent (white) cells are simply
recalculated. However, things are more complicated when a white cell is superseded with
information you enter. In this case the overspecification alluded to above will, in general, cause
the data set to be inconsistent. In the above example, the product of the port flow and the
number of ports would no longer equal the total flow. PLUMES detects the inconsistencies'
and goes into a conflict resolution mode in which you select (space bar to move to the selected
variable, followed by "D" or delete keys) which variable is to be calculated (dependent). This
capability facilitates sensitivity analyses.

PLUMES maintains a configuration file called SETUP, an ASCII file that is created if it
is not present in the current directory. It storcs information on the last use, including the
location of the cursor, and the variables on the output table list. PLUMES attempts to find and
read the file each time it is run.

Some of the equations used to define dependent cells in the interface have more than one
solution. A good example is density as a function of temperature and salinity. It is well known
that the greatest density for fresh water at standard temperature and pressure is around 4 C.
Thus, there is a range of densities smaller than the maximum density with which temperatures
less than 4 C and other temperatures greater than 4 C are compatible. Whenever this occurs,
PLUMES provides for the selection of the desired solution from the multiple solutions to
governing equations. The same occurs when the dependent vanable is the solution to a square
root, in which case the proper root, either positive or negative, must be selected.

The interface displays numbers to 3 or 4 significant digits. This capability assures that
information is not lost due to formatting deficiencies. Numbers that cannot be displayed to the
proper precision within the allotted space are converted to the "E" tormat of scientific notation,
e.g. 1.4x10?® is displayed as 1.4E-8. The "E" format may also be used to enter data. The
<cell Precision > command may be used to show extra precision.

COMMANDS
Conventions
Control over the interface is exercised through a system of commands which may be issued

at any time. The commands are listed on a series of menus and can be implemented by
bringing up a menu or by striking the control key and the appropriate letter key. The former

' Strictly speaking, instances of over-specitication are detected only when at least onc of the defining variables of the
offending cell is independent. However, a special command is available for checking the consistency of all variables,
irrespective of their independent/dependent lincage.
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is convenient for remembering the commands while the latter is faster. Thus, the "run rsB
program” command, which is listed on the Main menu, can be issued at the interface level by
simply holding down the control key and then pressing the letter B, also denoted by “B. (The
case of the letter is unimportant, i.e., "B = “b.)

There is only one way to access the Main menu, which is not to say the commands,
directly and that is with the "F1" key. From the main menu the commands, which include
bringing up the sub-menus, may be issued by hitting the chosen highlighted key, or, using the
arrow keys to move to the chosen command and selecting it with the enter (carriage return) key
or the space bar.

In the catalogue of commands to follow commands will be enclosed by < > brackets, to
indicate they are keystrokes. Thus <run rsB program> or <B> are equivalent. For
commands issued directly from the interface level without going through <F1>, sequences are
harder to represent, for example, <control> <B> does not convey very well the fact that the
keys are to be depressed simultaneously. For such cases the notation “B is more useful and will
be used extensively. For sub-menus, the chosen highlighted letter can be added to the key
sequence. For example, to use the <cHeck consistency> command on the Miscellany menu
from the interface press “Y followed by “H or <H>; this sequence is summarized as “YH.
If a command is issued which is invalid in context, PLUMES will send a reminder to the
dialogue window. The commands are case insensitive.

In the following catalogue of commands, the name of the command as it appears on the

menus is given, followed by the interface level kevstroke command sequence and a brief
description of the command itself.

The Main Menu

The Main menu (Help, <F1>) is shown in Figure 20.

<run rsB program>, “B: ——  Main  menu
Instructs PLUMES to run RSB, (Roberts. Snyder, | ru' n rsB program
Baumgartner, 1989 a,b,c). Subscquent dialogue window
prompts ask you to specify the number of cases to run
and the destination of the simulations. The console or | show Independents
monitor can be specitied by typing the word "console” !
(without the quotes) or simply press space bar if the |
console is the default output device. Or type "prn" for
printer or any legal DOS file name. |
l

|
1 \ run Um program

I units Konversion
‘ List eguations

get Work file

<run Um program>, “U:
Run the UM model. Subsequent dialogue window
prompts ask you to specity the number of cases to run

Figure 20. The Main menu.

N
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and the destination of the simulations (console, printer, or disk file). (See explanation
of the “B command above.)

<show Independents>, “I:

Typically, PLUMES has several equations available for defining dependent cells. “I

examines each of these and, in turn, identifies all the potential defining variable sets for
: the cell in which the cursor is located. The cell’s independent variables are revealed by
s black hatching of the background color of the cells’ labels. “T is useful for establishing
‘ which data (cells) will define the cell at the cursor for which data may be unavailable.
(IMPORTANT: the variables in the defining set can themselves be either independent or
dependent.)

< units Konversion>, “K:
Allows you to change the input units of a cell to one of the units shown in the dialogue
window. After the desired unit appcars in the dialogue window, you may input the value
in its native units. Upon leaving the cell the value is automatically converted to the
system units (primarily SI, i.e. kg, m, sec, C). Subsequently, the conversions will
appear in the dialogue window whenever the cursor is moved back into the cell.

<List equations>, “L:
7 Provides a definition of the present cell. The header name is displayed at the top of the
C screen in the cell’s interface color. An example is given in Figure 19. If the file EQNS
is in the current directory, the set of equations that define the cell, together with variable
explanation, is also provided.

- <get Work file>, “W:

Used to specify a new working file of records, or cases. A tvpeover window is provided
for file name input. The <!> key may be used to cycle through existing .VAR
filenames in the present directory. The existing active file is stored and the new file is
opened. The new file name replaces the old one at the bottom of the interface after the
word "FILE". If the file docs not exist it is created and filled with default data. The
length of the new file is checked to help ascertain that the appropriate format exists.

<fill New file>, *N:

: Directs the interface to create a new file of records from the current file of records. You
- are asked for a new file name (cxisting files are rejected). The filename extension,
: VAR, is recommended (sec the <get Work file> command above). You must specify
which records are to be copied to the new file. The numbers of the cases must be
separated by blanks (spaces, not commas) but may be in any order. Sequential cases
may be specitied by connecting their beginning and end members with "..", e.g. the
sequence 5 3..7 1 causes the cases 5, 3,4, 5, 6,7, and 1, in that order, to be copied
to the new file. The command is usctul for reorganizing your case files.
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<add to Output>, “O:
For the UM model “O allows cells to be added to the list of cells that are displayed as
output. Affected cells are highlighted by a blue rectangle in the first character of the cell
label. Certain auxilliary variables like centerline dilution may be subjected to the O
command by first using the “YS command on the Miscellany menu.

< cell Precision>, “P:
Increases the precision to which the cell value is expressed. (Up to six significant
digits.)

<configuRe models » >, “Rx:
Displays the Configuration menu. The "x" indicates another key is to follow. If “R is
pressed at the interface level, the Configuration menu will appear after a timed delay if
the "x" has not followed in the allotted time.

<moVement commands » >, “Vx:
Displays the Movement menu. The "x" indicates another key is to follow. If *V is
pressed at the interface level, the Movement menu will appear after a timed delay if the
"x" has not followed in the allotted time. Some mnemonics of some of the editorial
commands are also displayed.

<miscellanY menu » >, “Yx:
Displays the Miscellany menu. The "x" indicates another key is to follow. If Y is
pressed at the intertace level, the Miscellany menu will appear after a timed delay if the
"x" has not followed in the allotted time.

<esc>
The null command. Returns the interface level.

The Configuration Menu

The configuration describes one of several possible running
modes for the interface, UM, and RSB. The settings are

identified in capital letters and numbers atter under the word I iﬁgilg:;i:ﬁ“ Menu 1
"configuration”. Defaults are provided if the file SETUP is Brooks egn input
missing, otherwise they are taken from SETUP. The menu is Cormixl categories
h in Fi 7 U lik he . hich di fle Farfield start
shown in Figure 21. Unlike other menus which disappear after Reversal set

a command is selected, the contiguration menu remains on the Show configuration
screen until <esc> is hit, allowing the entire configuration <esc>

string to be edited in one pass. It can be accessed with <Fi>
followed by <R>, or “R. Once the commands are known, it

. . ) Figure 21. The Configuration
1s more convenient to use the command sequences given below.

menti.
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< Auto ambient >, “RA:

Possible settings are A (on) and N (off) in the first character of the configuration string,
e.g. ATNOO or NTNOO. In the ambient block starting with the line below the surface
ambient line, while moving from cell to cell, Auto ambient (on) will fill the cell with the
value immediately above it it that value is independent (yellow). This is a convenient
way of filling out the ambient block when many of the values are similar. The provided
values can be edited in the usual ways.

<Brooks eqn input >, “RB:

The command toggles between two options. Possible settings of T or R are identified
by the second character in the configuration string at the bottom of the interface level.
The R setting (reset), e.g. NRCOO, indicates that PLUMES will prompt you to approve
or change the inputs (wastefield width and origin distance). This allows you to
essentially run the farficld model independently of the initial dilution models. It is, for
example, one way to reestablish the values tabulated by Tetra Tech (1982). The T
setting (transmitted) will establish the initial dilution model results as the farfield model
inputs. The default value is T (transmitted).

< Cormix1 categories>, "RC:

The command toggles between two options. Possible settings of C or N are identified
by the third character in the configuration string at the bottom of the interface level. The
C setting, e.g. NTCOQQO, indicates that PLUMES will attempt to detine CORMIX1 flow
class corresponding to the input conditions. Recommendations for model usage are also
presented. The N setting, e.g. NTNOOQ, specifies that no classification is attempted. The
default mode is N. :

< Farfield start >, “RF:

Used to configure the UM model, it is identitied by the second character in the
configuration string at the bottom of the intertface level. This command specifies at
which point the farficld dispersion model is initiated following the use of UM in the

Start far-field at Max-rise, Overlap, or Pause criterion?

Figure 22. Farfield configuration options.

initial dilution phase, i.e. in the near field. When the command is issued the prompt
shown in Figure 22 appears in the dialogue window. Using the M, or Max-rise option,
e.g. AMNOQOOQO, the initial dilution phase is terminated when the plume reaches maximum
rise (or the surface), aftter which the fartield model is initiated. The default value is O
(Overlap), e.g. AONOQ, which specifies the farfield model begins when the plume
element can no longer be consistently defined due to geometric constraints (Frick, Fox,
and Baumgartner, 1991). This condition, sufticiently pronounced, has been associated

48




C

tser’s vsuide to the plume model interface, "PLUMES"

with upstream anvil formation (Frick ct al., 1990). The P (Pause criterion) option, e.g.
APNOO, initiates the farfield model when the condition in the pause cell is met.

<Reversals set>, “RR:

Plumes rising in stratified recciving waters frequently trap at some intermediate level,
a level of zero net buoyancy, in the water column. Generally, plumes will traverse, or
overshoot, this level and perform wavelike motion because they still have vertical
momentum. Thus, above and below the trapping level the buoyancy will switch from
positive to negative or vice versa. This reversal in buoyancy will ultimately slow the
vertical motion to a standstill before reversing again. Each reversal point is a crest or
trough of the wave.

The <Reversals set> command specifies how many extrema are to be modeled before
the farfield model takes control. If the number of reversals (the last character in the
configuration string) is set to zero, e.g. AONOO, PLUMES will determine the number
of reversals to be one, 1. tfor buoyant plumes and two, 2, for negatively buoyant plumes.
The reason tfor this option is that normally rising plumes usually entrain much more
vigorously between discharge and maximum rise than they do in the farfield, thus the
initial dilution region is confined to the region between discharge and the first reversal
(i.e. maximum rise). Negatively buoyant discharges are frequently discharged upwards
and pass through maximum rise betore their turbulence is dissipated, hence 1t is
appropriate to continue relatively active entrainment through the subsequent sinking
region. In any case, by specifying a nonzero integer between 1 and 9, the user can
specify the number of oscillations which will be modeled. The 0 value is generally
recommended but may be altered for the sake of being conservative or for special
considerations.

< Show configuration>, “RS:

Interprets the configuration string shown at the bottom of the intertace screen. The other

0:

PLUMES Configuration

Automatic ambient fill is on

Brooks equation input transmitted

The CORMIX flow categorization algorithm is inactive

UM far-field predictions begin at element overlap

Farfield model initiation choices are:

M: maximum rise; O: element overlap; P: pause crlterion.

Other criteria, such as surface interaction, will override these choices.

Brunt-Vaisala reversals determined by UM as 1 or 2

Figure 23. The Show contiguration comnrand window,
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options are also summarized. An example configuration is shown in Figure 23.

<esc>
The null command. Returns the interface level.

The Movement Commmands Menu

The Movement Commands menu is shown in Figure 24,
It can be accessed with <F1> followed by "V or <V>.
Once the commands are known, it is more convenient 1o use
the commands given below. Note that cven though they
appear on a submenu, to use the movement commands from
the interface level it is NOT necessary to first use the *V
key.

The movement keys given on the Movement
Commands menu are augmented by other editing
commands described in the next section: Miscellancous
Editing Commands. They are basic and useful and should
be learned thoroughiy.

<A cell left>, “A:

— Movement commands —
cell left

char left

char right

cell right <space>
cell up

cell down

go to next Case
Jump cell blocks

P (return last cell)
<esc>

<bckspc> del left

~t del word right

xXmTonw

~ql sorry key

Figure 24. The Movement menu.

In the title cell, “A moves the cursor to the beginning of any word in which the cursor
is located. If the cursor is at the beginning of the string, it moves the cursor to the [tot

flow] cell.

In the other cells, “A moves the cursor to the beginning of the number in a cell, or, to
the previous cell if the cursor is already at the beginning.

<S char left>, S, or < « >:

Moves the cursor one character to the left of its present position. If it is already at the
beginning of the number or string. it moves the cursor to the previous cell.

<D char right>, "D, or < - >:

Moves the cursor one character to the right of its present position. If the cursor is at the
end of the number or string, it moves the cursor to the next cell.

<F cell right>, °F:

In the title cell, “F moves the cursor to the end of any word in which the cursor is
located. At the end of the title cell it moves the cursor to the [tot flow] cell. In all other
cells, “F moves the cursor to the right side of the value in cell or to the next cell if the

cursor is already on the right side.




User’s euide 1o the plume model interface, "PLUMES"

<Space bar> works normally in the title cell but moves the cursor to the next cell
in the rest of the interface.

<Ecell up>, “E, or < * >:
Moves the cursor up cne cell in the interface. If the cursor is in the uppermost row of
cells, the cursor is moved to one line below the deepest defined line in the ambient block
or to the bottom of the column of cells.

<X cell down>, “X.or < | >:
Moves the cursor down one cell. [f the cursor is in the row of cells in the ambient block
one below the lowest defined depth, or is at the bottoin of a column of cells, the cursor
is moved to the top of the column of cells.

<go to Case>, “C:
Directs PLUMES to go to another casc specified in response to a typeover prompt in the
dialogue window. The next case is always oftered as a default and can be accepted witin
<space bar> or <Enter>. Otherwise, the default may be overridden by typing any
other number followed by <space bar> or <Enter>.

If the specified case number is one greater than the number of cases that currently exist
in the file of cases, 4 new case, 1s apperded and filled with the same information
contained in the case from which the “C command is issued. Any number less than one
or greater than the number of cases plus one is ignored. ‘

See the <Page Up> and <Page Down> commands below.

< Jump cell blocks>, “J:
Moves the cursor into the next colored block of the interface. *J is a fast way to move
about in the interface and the only way to move the cursor into the [title] cell.

<P (return last cell) >, “VD:
This command is useful after a variable is selected for deletion in the conflict resolution
mode. When a deletion is made the cursor normally returns to the cell in which the
cursor was located after the value that caused the contlict was entered. The “YP
command returns the cursor to the ccll which was deleted. Also works after the *J, “E,
and *X commands. NOTE: Due to the presence of the P (cell precision) command on
the main menu, this command can only be accessed by using the “V prefix.

<esc>
The null command. Returns the interface level.

Mnemonics:

The Movement commands menu lists a few editing commands which also may be issued
at the interface level. Thesc are described in the next section.
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Other Useful Editing Commands

The following commands perform usetul editing functions in the interface. Many of the
commands are similar to those in the WordStar (trademark) word processing program and in the
Borland Pascal editor. Some common WordPerfect commands are also used.

<space bar>, or <Enter>;

Moves the cursor to the next cell, except in the title cell, where it works normally.

<backspace>, or “H:

Erases the character or digit to the left of the cursor.

<Delete>, or “G:

“T:

Erases the character or digit under the cursor.

Erases the rest of the word or number to the right of the cursor.

<Page Down>:

Directs PLUMES to go to the previous case of the case file. When used in Case 1, the
highest numbered case is brought into the interface.

For skipping over many cascs or for creating new cases using an intermediate case as a
template, use the “C command.

<Page Up>:

“QD:

~QY:

“QL:

Directs PLUMES to go to the next case of the case file. When it is the last case in the
case file, a beep is issued to alert you to the fact that a new case will be created if the
command is issued again. This is a fast way for browsing the case data file and for
creating new cases using the last case as a template.

For skipping over many cases or for creating new cases using an intermediate case as a
template, use the “C command.
Moves the cursor to the right of the last character or digit in the cell.

Erases everything in the cell to the right of the cursor, all of it.

"Sorry-1-changed-it-command”. Restores the original value ot a cell providing the cursor
has not left the cell. Some conditions cause exceptions to this rule and data may have
to be re-entered.
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May be used in many situations to dump whatever is on the screen to an ASCII file
called DUMPALL. Subsequent uses of the command will cause the DUMPALL file to
be appended so that occasional examination or deletion of the file may be appropriate.

Intended for debugging and documentation purposes.

The Miscellany Menu
The Miscellany Menu (*Y) is shown in Figure 25.

<ambient column Fill>, “YF:

If variables in an ambient column are all the same, it
is often useful to fill only the surface cell for that
column and use the <space bar> to skip over
successive cells in that column. After all the depths
are entered (i.e. all the [depth] cells are filled with
the appropriate depths), move to the surface cell in
the empty column and issue the “YF command. All
the remaining cells in that column down to the
deepest depth will be filled with the same value.

The <Auto ambient> command on the
Configuration menu is useful for achieving these
results on a continuous basis.

<Interpolate amb cell>, “YI:

r—-Miscellany menu ———
ambient column Fill
Interpolate amb cell
Copy ambient line
Delete ambient line
Beget new cases
cHeck consistency
Notes

clear Output cells
Purge cases
construct Udf file
pauSe cell

cormiX category

Zap most variables

Figure 25. The Miscellany menu.

This command is used to place depth interpolated ambient values into intermediate empty
cells in a given column in the ambient block. For example, similar to the “YI command,
you could specity a surtace current of 0.10 m/sec and a bottom current of 0.20 m/sec.
Then, from the surface cell in the [current] column, issue the “YI command. The empty
intermediate cells will be filled with depth interpolated values.

<Delete ambient line>, “YD:

Used to delete the line in which the cursor is located from the ambient block.

< Copy ambient line>, “YC:

Used to insert a copy of the line in the ambient block in which the cursor is located, i.e.,

between it and the next line in the ambient block.

< Beget new cases>, “YB:

Used to copy the cell in which the cursor is located to the same cell in a specified
number of subsequent cases. The number of cases involved is specified in a dialogue

window which is provided.
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<cHeck consistency >, “YII:
Instructs PLUMES to evaluate all possible equations for the cell from the set of equations
which may be displayed with the L command. The results are compared and any
difference greater than a tenth of one percent is reported in the dialogue line.

Not all differences reported are cause for concern. In particular, very small values,
which are for all practical purposes identical to zero, can occasionally differ by more
than the criterion. Also, if the defining equation has more than one solution, as for
example is the case when the horizontal velocity [hor vel] is computed from the total
velocity [total vel] and the vertical velocity [ver vel], the signs of the reported values
may differ. Nevertheless, any reported differences should be contemplated.

<Notes>, “YN:
Reports the previous messages, up to ten, that have displayed in the dialogue window,

<clear Output cells>, “YO:
Just as cells may be added to the list of variables to be printed or displayed by UM at
run time, cells already on the list may be cleared using “YO. The dialogue window
gives a choice for clearing all cells from the table or for returning to the default list of
variables. After the command is used the “O command may be used to establish a
C different list.

<Purge case>, “YP:
All cases after the one shown on the interface may be deleted from the case file. The
command is especially useful when terminal cases have been added to the file
. inadvertently by the use of the < t > command.

< construct Udf file>, “YU:
Used to translate the cases specified in the dialogue window into the UDF format used
in the 1985 plume models (Muellenhoff et al., 1985). This makes PLUMES
operationally compatible with the earlier models. The intent is to support ULINE and
users who may not have adopted the resident models. The interpreted cases are
appended to an ASCII file called UDF.IN.

<pauSe cell>, “YS:
Used to edit and sct up the pause cell located near the lower right hand corner of the
interface. After typing “YS the dialogue line shown in Figure 26 is displayed. The cell

Back, Inequalities, Output, Variables(space), or <esc>,

Figure 26. The pause cell dizlogue window.
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is the only way to access selected model variables not present on the interface screen,
i.e. average dilution, centerline concentration, time, density difference, and horizontal
distance. The program control function of the pause cell works in conjunction with the
<Farfield start> command on the Configuration menu. (Other cells that can be
controlled, via conditions given below, include [port dep], [plume dia], [effl sal], [effl

; temp], [horiz vel], [vertl vel], and [p amb den].) The capital letters in the window are
i e highlighted; their functions are:

<Back> or <B>:
Moves backwards through the list of model variables, including those listed
above.
<Inequalities> or <I>:
Selects the possible inequality conditions or criteria. The idea is to set up
conditions under which UM will be forced to output data or terminate before
initiations of the fartield algorithm. For example, if the pause cell is the
- horizontal distance (travelled) [hor dis] cell, with a numeric value of 10 m, the
: inequality > =, and the Fartfield start character in the Configuration string is set
to "P" for Pause criterion, then UM will output a dilution immediately after 10
m is reached and initiate the fartield algorithm. If the Configuration string is not
set to the Pause criterion, then UM will simply output a value at that point and
terminate. This is a convenient way to establish output at desired points (like the
mixing zone boundary) or criteria. The inequalities include > =, <=, =,
<Output> or <O>:
Adds the variable to the output table (see the “O command).
< Variables> or <V> or <space bar>:
Moves forward through the list of variables.
<esc>
The null command. Returns the interface level.

<cormiX category>, “YX:
Used to determine the CORMIXT1 flow classification for the current values in the
interface. The command is equivalent to setting the CORMIX program configuration to
C for a single instance (see the “RC command.)

<Zap most variables>, “YZ: ‘
Used to clear most of the variables on the interface screen. The cells not affected

include the aspiration coefticient, the print frequency, the decay constant, and the farfield
diffusion coefficient.

<esc>
The null command. Returns the intertace level.
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PRELIMINARY INFORMATION
System Requirements and Setup

PLUMES is designed to be used on IBM compatible PCs. The program does not make use
of graphics but does require a color monitor. The memory requirements of PLUMES are
modest, less than 200K, and should not interfere with other resident programs. The latest
advisories are contained in a file called READIst.exe, which, as its name implies, should be
read first. READI1st.exe contains information on how to unzip the program and document files.
Information describing a few supplementary files is also found there.

PLUMES can be run from the A: prompt using the diskette provided, however, the tutorial
notation assumes that it is installed on a hard drive, generally Drive C. We suggest that you
create a new directory on which to install PLUMES. If this new directory is a sub-directory of
the root directory the following procedure could be used at the C:> prompt to create a sub-
directory called PLUMES and to change to the new directory. At the prompt type "mkdir
PLUMES" followed by a carriage return (i.e. the Enter key: <enter>). The installation
commands might look like this:

C:> mkdir PLUMES
C: > chdir PLUMES
C:\PLUMES > copy a: * .

After each command an <enter> is implied. The mkdir (or md) command makes the
PLUMES sub-directory, the chdir (or cd) command moves you to the new PLUMES sub-
directory, and the copy command copies the PLUMES software from the diskette. At this point,
the program, PLUMES .exe, may be run by typing at the prompt:

C:\PLUMES > plumes

The case of the command is unimportant.

If further guidance is needed on setting up the directories the DOS reference manual should
be consulted. Keystroke conventions used in the tutorial are described in the preceding chapter.

56




o

C

A tutorial of the interface

EXAMPLE: PROPOSED SAND ISLAND WWTP EXPANSION

Introduction

This example is a step-by-step development, or tutorial, of the kind of problems encountered
in applying 301(h) regulations. It is designed to make you familiar with the use of PLUMES
and to give you a feel for its capabilities and limitations. Several figures are given along the
way to allow you to compare your progress with a prepared example. These figures do not
adequately convey what is a full color display on the computer monitor. Consequently, the
tutorial is most effective if it is used as a guide while filling out the PLUMES interface
input form.

The Sand Island example is intended to be realistic, not only as being representative of the
problems encountered in practice but in terms of how analyses are not unique. In other words
there 1s not a single right way, instead, an analysis is likely to be an evolutionary process. An
examination of work and simulations already completed are likely to identify other factors that
need to be considered. Thus, part of planning the analysis is to carefully examine modeling
results already in hand to guide further changes which, fortunately, with PLUMES, are easily
made. But, the greater flexibility available in PLUMES also requires vigilance on the part of
the user because it is easy to overlook cells that, once filled, need to be changed.

The problem described here is based on a proposal by the Sand Island Waste Water
Treatment Plant (WWTP) of the City and County of Honolulu, Hawaii which seeks to increase
its permitted wet-weather flow capacity from 102 to 130 MGD. An increase in the design
capacity of 202 MGD is also under consideration.

What will be the effects of the proposed actions on initial and farfield dilution? How are
bacterial, turbidity, and other contaminant levels likely to change? Is the new discharge likely
to meet water quality standards under the proposed operating changes? How do new techniques
compare to earlier analytical procedures? These are some of the questions addressed.

The problem involves a diffuser with 285 ports located on both sides of the diffuser. Over
time, the landward ports have become clogged with sand so that the discussion changes between
285 and 142 ports, 24 foot spacing and 12 foot spacing, which is confusing. This poses the
question: "How do you compare the performance of the diffuser, now clogged, with the
previously unclogged diffuser?” Ultimate answers are not provided and this analysis is
incomplete. In fact, THIS EXAMPLE CONTAINS DELIBERATE MISTAKES.

Analysis

The problem can be broken down into five different parts:
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(1) Collect pertinent information.

(2) Input information into the PLUMES interface.

(3) Run the PLUMES initial dilution and farfield plume models.
(4) Analyze the model results and make adjustments, if necessary.
(5) Use the results in the decision making process.

STEP 1: Collect Pertinent Information

One way to get a feel for the information needed is to run PLUMES and work an example.
The first time you do so you may be dismayed by the number of celis displayed by the interface.
It may seem imposing at first but only some of the variables, which you may choose, need to
be defined -- the interface automatically calculates the rest, as soon as sufficient data is provided.
You are free to pass over cells for which you have no data, filling those for which data is
available.

If you create subsequent cases, and we will, the data already contained in the existing case
may be used as a template for the new case by using the “C command to simply move to the
new case to be appended to the existing file from the case to be copied. Minor changes may
then be made very quickly to only the affected variables.

STEP 2: Input the Sand Island Information

It is assumed the necessary data needed for Sand Island have been acquired; the appropriate
references are given. Begin by entering the main menu using <F1> and set up a file for the
example by pressing <W>, the <get Work file> command, or, more simply, press "W
without first pressing <F1>. The dialogue window appears requesting the work filename.
Type in <Sandis.var> (which will not exist yet) followed by <space bar> or <enter>.
Notice that the default filename can be overwritten without first deleting it. The . VAR filename
extension is recommended because the < get Work file> command may be used to scan existing
.VAR files in the current directory by simply using the < ¢ > key.

It is worth noting that the default name given in the dialogue box can be edited. For
" example, pressing < - > or some other editing key like “QD (move to the last character),
before you type an ordinary character, will move the cursor into the field of the cell where it
may be edited by adding or deleting characters.

When you are done the monitor will look somewhat like Figure 27, without the 4.469 values
or title. The other values are default values which may be accepted or rejected as appropriate.

To start, give this case, identified as Case 1 in the upper right hand comer, a descriptive

title, e.g. "Sand Island validation". First, of course, you must move into the title cell. You
could go to the Movement menu using the <F1> key but it is faster to use the "jump"”
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command, “J, several times until the cursor moves into the title cell. Go ahead and type in the
title. Push <enter>, “J, or “X when you are finished, in either case the cursor moves to the
[tot flow] cell which is a good place to start filling out the rest of the interface.

Jun 19, 1992, 11:26:42 ERL-N PROGRAM PLUMES, Jun 10, 1992 Case: 1 of

1
Title Sand Island validation
tot flow # ports port flow spacing effl sal effl temp far inc far
is
F 4.469 1 4.469 1000 0.0

port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

0.10
500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts
|F
0.0 1.0 100
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
i#
S0 1000.0 0.000453
depth current density salinity temp amb conc N (freq) red
grav.
0.0

Tlustr. 27 The PLUMES interface with the dialogue line showing units conversions of the total
flow cell.

The total flow corresponding to the current permit is 102 MGD. It is the appropriate value
for the [tot flow] cell in which the cursor should now be located. However, the dialogue line
informs you that the primary units in this cell are m3/s, so a conversion is required. On the
main menu we note there is a command called <units Konversion >. By toggling it (pressing
“K) we can change the input units to any that are shown on the dialogue line. Do so, then,
when the dialogue line shows "MGD", enter 102 in the cell. Press the space bar to enter the
value (in the process, moving the cursor to the next cell). Notice that, if you move the cursor
back to the [tot flow] cell using “A or <<>, the dialogue line will appear as shown at the
bottom of Figure 27. In addition to showing the total flow in m*/sec, MGD (million gallons per
day), and cfs (cubic feet per second), the dialogue line also gives the recommended range of
values for the cell, which, incidentally, is not enforced.

The cursor should now be in the [# ports] cell and the value shown in the [tot flow] cell
should be 4.469. When the cursor was moved to the number of ports [# ports] cell, the third
cell, labeled [port flow], acquired a white value equal to 4.469, even though we did not input
a value in this cell. This is an example of how the interface is event driven, i.e. an event, your

pressing the space bar, automatically initiated an action. We will have more to say about this
shortly.
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The number of ports is 285, but they are not uniform and the diffuser has sections of
different diameters. Strictly speaking, a hydraulic model is needed to properly analyze the
effluent velocities from the ports, but we will assume that the flow is uniformly distributed. If
the diffuser is well designed, the deviations from this assumption will not be too great. If there
is doubt a program such as PLUMEHYD.EXE (Appendix 3) may be run to give better estimates
of the port flow distribution. In that case the total flow may not be consistent with the port flow
and we may need to do a piecewise analysis of the diffuser. Alternatively, some other more
conservative assumptions could be made. To simplify the analysis we will assume uniformity.

Do not worry about what to do about the "1" that is already in the cell, just type 285. As
explained previously, the "1" disappears when you begin to type. Again, there are a number
of editing commands explained in the previous chapter which allow you to modify the
information that is previously contained in the cell.

After typing in 285 use the space bar to move the cursor to the [port flow] cell: it has now
changed from 4.469 to 0.01568. The new value in m*/sec is consistent with the flow from 285
equal ports producing a total flow of 102 MGD (4.469 m%/sec). The [port flow] cell value is
white (when the cursor is not in the cell) instead of yellow to remind you that this is a
dependent variable which you did not input but was calculated by PLUMES from information
you did input. Which cells are independent and which cells are dependent depends entirely on
how you fill in the interface, i.e. whichever variables are most compatible with the available
information. This gives you flexibility to use the data you have, not data you wish you had.

Before going on, note also that the new vatue is expressed as 0.01568 and not 0.016 (three
decimal places to the right of the period) as might have been expected based on the formatting
pattern established in the total flow [tot flow] cell. PLUMES reports data to three or four
significant digits and up to six are accessible with the <cell Precision> command.

The spacing 1s 7.315 m (24 ft). It is also noted that the ports are opposed so that there are
really two ports per 24 ft section. This presents an interesting problem because, if the plumes
from both sides merge, as they would in a crosscurrent or as they might even in the absence of
current, then this spacing is too large because this kind of merging is not modeled in the UM
program, only side by side merging is. Thus, there is an intuitively appealing suggestion that
we should use spacing of 12 instead of 24 feet. But for the moment we will ignore this
complication. It will be easy to estimate its effect later when we develop additional cases. Input
7.315 or use the “K command to input in feet.

In the case of Sand Island, we encounter another complication. Because the diffuser
parallels the isobaths it acts as a barrier to sand moving seaward. This has apparently clogged
the ports on one side and causes the port flow to double in the remaining ports. But, for now
leave the spacing at 7.315.

It is important to note that with the spacing described in this way, the farfield predictions
will not be correct unless the Configuration menu is used to input the correct length of the
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wastefield and the end of initial dilution. The reason is that, by ignoring cross diffuser merging,
we have described the diffuser as if all ports are on one side of the diffuser. Consequently, the
initial wastefield width needed for the farfield algorithm will be overestimated by approximately
a factor of two. More will be said about this subsequently.

It may seem that we are following a rather cavalier path in defining the problem. However,
in practice, it is common to first estimate parameters and play around. In effect, this represents
a screening analysis. If it is found that the initial dilution is close to being inadequate for
meeting water quality standards, then the analysis can be refined. In fact, as will be seen, the
interface is ideally suited for this purpose because it is easy to change values anywhere in the
interface without starting over. Thus, there is no disadvantage to first scoping out the problem
and becoming aware of some of the potential pitfalls in the analysis beforehand.

When you are finished with the [spacing] cell you could move to the salinity cell. But wait
a minute, we have just made an important observation about spacing so let’s jump (repeated
“J’s) back to the title and reflect this fact there. This will give you a chance to practice your
editing. In the title cell you could use the arrow keys to move to the end of the string, but, for
touch typists, it is easier to use the control key movement cluster. A few “F’s get you to the
right place. If there are several words to jump over, the “QD command does the move in one
step. Typein ": no blockage" or something like that. Then return to where you were using the
movement commands.

The header of the next cell shows "effl sal” and, because the cursor is now in the brown
block, you may infer, correctly, that this refers to effluent salinity. If you are unsure about the
content of any cell however, the “L command (<List equations> on the main menu) may be
used to define the cell, as shown in Figure 28.

Help for variable: s = effl sal o/oo

Effluent salinity. Sea salt composition is assumed.

Equations and variable definitions:

s = sigmasal(t,den).

den : plume density

Ilustr. 28. A <List equations> screen for the effluent salinity cell.
The information given, that s = sigmasal(t,den), is somewhat more cryptic than most cells.

It is an abbreviated way of showing that salinity is derived from a complicated function, in this
case involving the Newton-Raphson method because the function cannot be solved analytically
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for salinity. Also, most cells have more than just one defining equation.

Information on the salinity of municipal effluent is not always available. We suspect that
the effluent is largely fresh water and guess that it is close to 0.0. (If possible, this should be
checked later.) The default is accepted by passing over the cell using the space bar and going
to the effluent temperature cell [effl temp]. Being in Hawaii, the temperature is estimated to be
about 25 C. As soon as both the salinity and temperature are specified, PLUMES calculates a
value of -2.893 for plume density ([effl den] cell). This density is given in sigma-t units and
translates to kg/m3 when 1000 is added. Thus, the approximated density of the effluent is
997.107 kg/m3. The conversion can be verified directly by taking an excursion to the [effl den]

~cell and consulting the dialogue line which gives the value in additional units. (Try the “P

command).

We can approximate for now the eftluent salinity and temperature because the effluent is
discharged to sea water with a much higher salinity. Thus, the greater part of the density
difference, i.e. buoyancy, is due to salinity differences, and the temperature approximations are
unlikely to affect the outcome by more than a few percent. However, in regulatory work you
would try to define these variables more accurately. (See also the discussion in the Freshwater
Discharges of Buoyant Plumes section of Chapter 1.)

The cursor should now be in the upper right corner of the interface in the Miscellaneous
(gray) block of cells. Again using the <List equations> command, it is determined that the
farfield increment cell [far inc] is the distance between points at which the farfield dilution
estimates are reported during the simulation. Notice also that the header typeface is black,
which means that cell input is not necessary to determine the initial dilution, (i.e. neither UM
nor RSB require it for input). However, as we are interested in farfield bacterial concentration
predictions, values for these should be established.

It is known that a surfing area is located within approximately 2000 m of the outfall and,
therefore, this is considered to be an appropriate value to put in the fartield distance [far dis]
cell. Since only the bacterial levels at this distance are of interest, the farfield increment, the
[far inc] cell in which the cursor is presently located, can be rather large, 500 m will do. (An
unnecessarily small value may give more output than you want causing previous information to
scroll off the screen when UM is run.) Enter this value and follow this by putting the value
2000 m in the [far dis] cell.

Now enter the plume depth measured from a standard datum such as mean lower low water
(MLLW). (This is an UM program variable which, like a few others, is initialized by the
interfaces.) In this case we know the depth to the center of the ports from which the plumes
emanate to be 70.1m. All ports are at essentially the same depth. The blue background before
the first letter in [port dep] indicates the variable, (centerline) plume depth, will be an output
variable when running UM.

The next cell, [port dia], is the actual physical diameter of the port (as opposed to the vena
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contracta plume diameter, the minimum diameter of the plume, in the following [plume dia]
cell). The Sand Island ditfuser has five different diameters to choose from, so which one should
be used? Technically, a diffuser hydraulics model (Appendix 3) could be used to provide
estimates for port flow from each port. Experience shows, however, that varying port flow over
a limited range does not affect initial dilution radically. Nevertheless, it would be wise,
especially for beginners, to do a sensitivity analysis by changing some of the values somewhat.
The interface is ideal for this kind of exploration. A conservative value is always appropriate
if the screening test is ultimately passed. (See also the Effect of Wastewater Flow on Dilution
section.)

For now, enter 8.5 cm. Notice that the possible input units are in meters, feet, and inches,
not centimeters. This time the proper conversion is not available through the “K command. It
is assumed that you are familiar with the fact that 8.5 cm is equal to 0.085 m. Notice that the
leading O does not have to be entered. Notice also that after inputting the diameter many cells
are starting to fill up with white values'.

Now keep moving the cursor until the cursor is on the [print frq] cell. The print frequency
cell [print frq] simply determines how many model steps there are between outputs. Except
when the time step becomes too large, UM is designed to double dilution every 100 program
steps. Thus a [print frq] cell value of 100 will cause UM to output dilutions of 1, 2, 4, 8...,
approximately. This can be adjusted to taste, we will accept the default value for the time
being. It is not critical in any case because the model outputs at important milestones, e.g. the
trapping level. The performance of RSB is not affected by this cell.

! The basic idea behind filling empty cells in the interface is this: PLUMES can calculate cell values from
input you provide because it is event driven and because it normally has many ways to calculate cach cell. To give
an example, move the cursor to the [total vel] cell. You may have wondered why some cell labels are displayed
against a checkered background which changes as you move from cell to cell. These checkered labels tell you
which other variables (cells) serve as independent variables for the cell in which the cursor is located. For example,
right now the [port flow] and [plume dia] labels should be on a checkered background. That means that if [port
flow] and [plume dia} are defined (either white or yellow), [total vel] will be calculated by PLUMES, as it
apparently has been. This is a basic characteristic of the PLUMES interface that makes it act like a specialized
spreadsheet. Essentially, most cells huve one or several equations associated with it, just like spreadsheets, that
allows unknown cells to be defined, providing the appropriate information is available.

But PLUMES provides more than the standard spreadsheet in this respect. If you will now push <F1>
followed by <1> (or simply “1 at the intertuce level) for the <show Independents> command, you will see that
other labels are now checkered: first [horiz vell and [vertl vel], then [plume dia], [p amb den], [effl den}, and
[Froude #], etc.. Many cells have a multitude of ways of being calculated by PLUMES. The "L command will
reveal just how many there are and define them it the file EQNS resides in the current directory where it can be
accessed by PLUMES. Tt is this ability of PLUMES to calculate variables in many different ways that helps assure
that you will have to input only a minimum of information and that you do not have to be an expert and know how
to provide specialized information. Your job is to keep finding cells that you know something about and fill them
until the interface is completely detined. You can do this by moving directly to the cells you know, passing over
the others. However, if at the end not all cell are filled, you will need to return to the remaining unfilled cells.
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The port elevation cell [port elev] is used in calculating the CORMIX flow categories, and
it also affects UM’s prediction of when the plume hits bottom. Here we use the radius of the
diffuser pipe, in this case enter 0.84 m.

Accept the default value in the vertical angle cell [ver angle] by skipping over it. A value
of 0.0 indicates that the effluent is being discharged horizontally, which is the case with Sand
Island and many modern diffusers. It should be becoming apparent that filling out the interface
is not such a difficult task after all.

The contraction coefficient cell [cont coef] is normally used to compute the actual initial
plume diameter by adjusting [port dia] on the basis of the differentiation between bell shaped
ports, which have a coefticient approximately equal to 1.0, and sharp-edged ports, which have
a value near 0.61. Sometimes this information is not provided in which case the value that
yields the more conservative dilution could be used. Generally, its value does not affect dilution
very much.

If salinity and temperature are specitied as they have been the [eff]l den] (effluent density)
cell is calculated using the equation of state found in Teeter and Baumgartner (1979). The
computed values vary slightly from published values (see discussion at the end of the next
chapter). If suspended or dissolved substances factor prominently into the effluent density it may
be more appropriate to use a linear equation of state, invoked by defining the [effl den] cell
while leaving the temperature and salinity cells empty.

Now move the cursor to the pollutant concentration [poll conc] cell. This cell is used to
specify the concentration of a specific pollutant in the eftluent and is used in combination with
the ambient concentration cell [amb conc] to help determine the effective dilution achieved by
the diffuser (see also the sections Dilution Factors, Effective Dilution Factor, and Relationship
of Ambient Dilution Water to Plume Concentration). For example, if the ambient concentration
is everywhere equal to zero then the eftective dilution is identical to the effluent dilution.
However, suppose we accept the default value of 100 given in the [poll conc] cell and all the
ambient concentration cells have a concentration of 1.0. Then, no matter how great the volume
dilution is, the effective dilution can never exceed 100. In this case the referenced values would
be percentages.

Any consistent units of concentration may be used, which means that the units in the
pollutant and ambient concentration cells must match. We will use a value of
6.1x10%(colonies)/ 100ml for the bacterial concentration. In PLUMES format, scientific notation
is input in "e" format, for example as 6.1e8. Note again, that to replace the default value we
simply start typing in the value of 6.1e8 and <space bar> when done.

The cursor should now be on the decay cell [decay]. This is the simple first order decay
constant, k, used in the equation

c=cC e'kz (18)
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where c is the concentration time ¢ after a concentration of ¢, is measured. For convenience,
the primary unit is inverse days. Often, however, decay is expressed in terms of T90 values,
which specifies how much time is required for 90 percent of the pollutant to decay, or how
much time is required for 90 % of the bacteria to die. The T90 time must be input in hours;
for Sand Island we use 1 hr. Thus, after one daylight hour of exposure in Hawaiian surface
waters, 90 % of the bacteria have died. This unit is available by using the <units Konversion >
command; when t90hr is indicated in the dialogue window enter the value 1.

As you move to the next cell you will notice that the space bar movement command
bypasses the densimetric Froude number [Froude #] and Roberts Froude number [Roberts F]
cells; the red block parameters are normally of interest only to researchers and designers.

- (When it is convenient to use them the “J command may be used to get into this block.) These

numbers will be calculated by the interface when all necessary input is entered.

The cursor should be in the horizontal diftuser angle cell [hor angle]. The outfall structure
variables, effluent characteristics, and miscellaneous blocks are complete. The interface screen
should now look like Figure 29.

Jun 19, 1992, 11:32: 1 ERL-N PROGRAM PLUMES, Jun 10, 1992 Case: 1 of
1
Title Sand Island validation: no blockage

tot flow # ports port flow spacing effl sal effl temp far inc far|
dis
4.469 285 0.01568 7.315 0.0 25 500
2000
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

70.1 0.085 0.08500 2.763 2.763 0.000 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts
F
0.84 0.0 1.0 -2.893 6.1e8 55.26
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
#
90 7.315 0.000453
depth current density salinity temp amb conc N (freq) red
grav.
0.0

Ilustr. 29 A partially completed interface.

The cursor is now in the green ambient block, specifically, in the horizontal diffuser angle
cell. An angle of 90 degrees (the default value) indicates that the current is perpendicular to the
axis of the diffuser, i.e. it is flowing across the pipe and parallel (co-flowing) to the effluent
plume. Notice that if 45 degrees were entered the value in the following reduced spacing cell
[red space] would change from 7.315 m (the physical port spacing) to 5.172m, the geometrically
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projected spacing. In UM, the effect of changing the direction of the current simply changes
the reduced spacing. The justification for this procedure is derived from Roberts (1977) and
is valid over angles ranging from 45 to 135 degrees. While 90 degrees is the desired angle for
now you may change it temporarily to see how it works. Values of O to 44 degrees, which are
outside the recommended range shown in the dialogue window, would produce reduced spacings
of 0 to 5.1m and should not be used for UM (but are appropriate for RSB). Similarly, values
of 181 to 360 produce negative reduced spacings and should not be used.

Now skip the reduced spacing cell [red space] and move to the port ambient density [p amb
den] cell. Notice that it is not one of the cells preferred for input (it has a white header) and
we will not enter a value into this cell, even though we could, or the following port ambient
current [p current] cell. Both cells will be calculated by the interface when the ambient depth,
density (or temperature and salinity), and current are completed’.

Now move to the farfield diffusion coefficient cell [far dif] and use the “L command to get
an explanation of this parameter. In general, unless there are good reasons to change it, the
default value should be kept. For more information see Okubo (1962).

The next cell is the farfield velocity [far vel]. The cell label is black, therefore it is not
required for initial dilution estimates. However, it is our goal to estimate farfield dispersion in
order to determine maximum bacterial levels in areas where water contact activities occur.
Although the dilution of contaminants in the farfield would be enhanced by greater current
speeds we recognize that high current speed will also result in shorter travel times for the diluted
wastes that are carried to the protected zone, thus resulting in less die-off of bacteria. However,
the current speed should be realistic and take into consideration not only consistency with the
near field current but also factors such as tidal reversals and the likelihood that high currents will
persist for long periods of time. In the case of Sand Island, a current of 15 cm/sec is used
corresponding to a travel time to affected areas 2000 m away of 3.7 hrs. Input 0.15 m/sec.

%, This is a good time to point out something you may have already noticed, some of the labels have yellow
labels (yellow lettering in the label like the [tot Now] cell) while others have white ones (white lettering in the label
like the port ambient density {p amb den] ceil). In general, the yellow labels mark the variables that are
recommended for input, in a sense, they are preferred variables. There are a variety of reasons why they are
preferred which are rather technical and have to do with the math ot the equations. For example, the program may
be more easily confused about the sign of a calculated number if one of the secondary variables is input (e.g. the
solution of a square root). There is even a possibility of inconsistencies in the input (refer to the manual for an
explanation). The miscellanY submenu has a <cHeck consistency > comumand that should be consulted when it
is suspected that there is an inconsistency. Normally, inconsistencies will not develop unless the user overrides a
cell containing a white (not to be confused with the header lettering color described above) numeric dependent value
with a yellow independent input value, a topic that has not been covered yet. Even under these circumstances,
inconsistencies (or conflicts) will not usually arise. Also, to avoid alarm, in some cases the <cHeck consistency >
command will report values of the same magnitude but different sign; this does not necessarily indicate the case is
inconsistent. Finally, the check is based on a comparison of values of the same parameter calculated from each of
the different equations that can be seen when issuing the *L command. Sometimes it will report two very small
values, both essentially equal to zero, which nevertheless differ by more than the fractional criterion.
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The cursor is now in the main ambient block [depth]. This is where information on various
layers of the ambient receiving water is input. The first depth cell [depth] should normally
contain the default value of 0.0 m (water surface), so move to the ambient current [current] cell
of the surface layer. We will input depth, salinity, and temperature data shown in Figure 30.

Jun 19, 1992, 11:36: 5 ERL-N PROGRAM PLUMES, Jun 10, 1992 Case: 1 of
1
Title Sand Island validation: no blockage
tot flow # ports port flow spacing effl sal effl temp far inc far
dis
4.469 285 0.01568 7.315 0.0 25 500
2000

port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

70.1 0.085 0.08500 2.763 2.763 0.000 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude #
[Roberts F
0.84 0.0 1.0 -2.893 6.1e8 55.26 18.40
2.044E-14
hor angle red space p amb den p current far dif far vel K:vel/cur]
Stratif #
90 7.315 24.080.00001000 0.000453 0.15
2763000.00004871
depth current density salinity temp amb conc N (freq) red
grav.
0.0 le-5 22.99 34.99 26.18 0 0.01217

Ilustr. 30 Completed interface.

Zero current is used to estimate minimum dilution, which we input in the surface ambient
current [current] cell. Note that upon moving to the next cell, the 0 is replaced by a small,
near-zero value of le-5, which is the e-form scientific notation for 0.00001 m/s. This is done
to avoid a mathematical singularity elsewhere in the interface. Originally a 0.0 value was
allowed but resulted in the creation of quasi-defined cells (identified by the background color
of the cell turning cyan) which made this practice bothersome. For example, a zero current
throughout the ambient block would make it impossible to define a value for the effluent to
current ratio cell [K:vel/cur] because the ratio would involve a division by zero. Thus, a quasi-
defined cell is one which would normally be defined (all the independent variables that are
needed exist), however a singularity (division by zero, negative square root, etc.) keeps that
from happening. This is now avoided. The value of le-5 is practically equivalent to zero but
can be input as a smaller value still if necessary.

Note: Other quasi-defined cells can still be generated, if they are, usually the last cell

entered caused the condition and can be changed to resolve it. In the case of the [Stratif #] cell,
a non-zero density gradient in the ambient density cells will keep it from being quasi-defined.
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To establish the minimum dilution it is necessary to also use the maximum density gradient.
The appropriate values, as shown in Figure 30 in terms of the depth and density columns, are
established by filling in the salinity and temperature columns for the depths shown.

For now, go to the surface ambient salinity cell [salinity], and then the surface ambient
temperature cell [temp] and type in the appropriate values shown in the figure. As soon as you
do, and follow it with <space bar>, the ambient density [density] value at the surface of 22.99
sigma-T units is computed. The cursor should now be in the ambient concentration {amb conc]
cell. Here it is safe to input 0.0 since we expect the receiving water to be generally very
pristine, the ambient currents carry the effluent out of the region of the diffuser, and, most
importantly, the die-off is generally sufficiently rapid that even recirculated water is likely to
contain negligible bacterial concentrations, but should not generally be assumed.

The cursor should now be in the next depth cell [depth]. Since data are given at 100 feet
and every 50 feet thereatter, use the “K command to bring up the ft units in the dialogue line
and enter 100 ft. Move to the salinity and temperature cells and continue to fill in the ambient
block as shown (the remaining depths are 150, 200, and 250). Because the Configuration string
shows a leading "A" the auto-ambient mode is on, which means that default values are taken
from the line above. Thus, none of the ambient current speeds or ambient concentrations below
the surface need to be typed.

As the last cell in the ambient temperature [temp] column was filled the remaining red cells
were automatically calculated by PLUMES and also filled in. The stratification parameter
[Stratif #] characterizes the degree to which the ambient is stratified between the surface and
seabed when a linear approximation is appropriate. Some technical references (e.g. Fisher et
al., 1979) use the linear approach in estimating dilution factors and trapping levels. Like the
Froude number, the stratification number is also used to determine similitude between prototype
and hydraulic model representations of plume behavior. While useful especially for laboratory
experiments, most environmental problems involve complex nonlinear density profiles. The RSB
and UM models calculate plume variables, such as dilution and rise, based on the density
gradients established by the gradient specified for the appropriate depth interval, rather than the
overall average represented by the stratification parameter. You can demonstrate that the
stratification parameter does not change when intermediate lines of ambient data are added,
deleted, or changed, as long as the data that determine the average parameters are not changed.
By running successive cases you will see that dilutions and geometric variables calculated by
RSB and UM change appropriately.

STEP 3: Run Initial Dilution Models

The fact that all the cells (except for the elective Pause cell which is presently showing the
horizontal distance [hor dis] cell, its default value) are filled is a sign that the plume model can
now be run. Issue the “U, or <run Um program>, command. The dialogue line will then
query "From this case on, run how many cases" and otfer a default of 1 in the dialogue window.
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Since we still have only one case we can simply use the space bar to accept the default value.
A second query asks "Write to ("prn” for printer, "console", or disk file name):" with a default
value of "console". Accepting the default with a <space bar> routes the output to the monitor.
The result is shown in Figure 31.

plume dep plume dia poll conc dilution hor dis

m m m

70.10 0.08500 610000000 1.000 0.000

67.27 1.822 18800000 31.18 4.417

61.20 3.682 6751000 84.58 6.463< trap level

54.65 77.502 3744000 144.2 8.460< merging

53.04 10.75 3406000 153.5 9.365< plume element overlap.

Farfield calculations based on Brooks (1960), see guide for details:

Farfield dispersion based on wastefield width of 2088m

Ilustr. 31 UM simulation of the first Sand Island case. Note that the initial wastefield width
of 2088m is too large by a factor of two and the farfield predictions should be ignored.

The trapping level dilution is 84.58 which corresponds almost exactly to the dilution found
by UMERGE (84.48) and UPLUME (Muellenhoft et al., 1985), and the earlier reported value
of 84. Experience shows that under a large range of conditions (without current) UPLUME and
UMERGE agree very closely (Baumgartner, Muellenhoff, and Frick, 1992). Therefore, it is
not surprising that we obtain close agreement with UM. It gives us some confidence in the new
methodology. Nevertheless, this degree of agreement should not be expected in general. For
one thing, in comparing UM and UMERGE, the definition of the aspiration velocity has been
simplified which can cause small differences depending on the relative importance of forced and
aspiration entrainment. Also, some of the input was approximated and the values are subject
to some adjustment. Later, you can make some of these adjustments.

The farfield bacteria concentration based on Equation VI-20 (Tetra Tech, 1982), which uses
the less conservative eddy diftusivity factor appropriate to open coastal waters (4/3 power law),
is 626.7, above the water quality standard of 400 colonies/100ml. However, this estimate may
still be overly conservative. The plume is well submerged and it may not be appropriate to
conclude that individuals in near-surface contact sport areas will be exposed to the wastefield
at all. As a result of this run we could now adjust the T90 time to a value more appropriate for

a submerged flow field, such as 10 hours. We would then see a bacterial concentration 1.5x10°
colonies per 100 mi.

69




A tutorial of the interface

The message "plume element overlap”, which is discussed further in the sections on model
theory, means that dilution predictions beyond this point would degrade increasingly if UM (not
the farfield algorithm) were continued to be used. It may not be significant if dilution increases
little in the overlapped region, which can be established by running the simulation to maximum
rise using the “R command.

The UM simulation can be interrupted at any time, execution is then suspended until another
keypress restarts or terminates it. After it is finished running, any key will reestablish the input
screen, i.e. the interface. The same procedure can be used to run the program again. If we-
override the word "console” with "prn” (do not enter the quotation marks) on the dialogue line
the output will go to the printer (be sure that it is properly connected). Given any other name,
PLUMES will attempt to send the output to a disk file (created or appended). Notice that the
output contains a copy of the interface screen so that there is an exact record of the input.

As has been indicated, the farfield predictions shown in Figure 31 are not correct because
the length of the wastefield is overestimated owing to the assumption that all ports are on one
side of the diffuser and are spaced 7.315m apart. The farfield simulation could be "corrected"
without changing the near-field predictions by accessing the Configuration menu (“R) and
toggling the <Brooks eqn input> option. The Configuration string will then change from, for
example, "ATNOOQ" to "ARNOQ", where the R stands for "reset" the farfield algorithm initial
conditions. Then run UM or RSB as you normally would. After the initial dilution phase is
completed PLUMES will prompt "Input wastefield width:" in the dialogue window. Enter an
approximate width of 1040 m to override the default value of 2088. PLUMES then prompts
“Input starting longitudinal coordinate", i.e., the horizontal travel distance. Here we will accept
9.36m which is the horizontal distance between the source and the end of the initial dilution
zone.
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plume dep plume dia poll conc dilution hor dis

m m m

70.10 0.08500 610000000 1.000 0.000

67.27 1.822 18800000 31.18 4.417

61.20 3.682 6751000 84.58 6.463< trap level

54.65 7.502 3744000 144.2 8.460< merging

53.04 10.75 3406000 153.5 9.365< plume element overlap.

Farfield calculations based on Brooks (1960), see guide for details:
Merge running, key to interrupt

Input starting longitudinal coordinate:
Farfield dispersion based on wastefield width of 1040m

Ilustr. 32 Using the Configuration menu to gain control over farfield input and output.

The results are shown in Figure 32. As was anticipated, the farfield concentration is now
somewhat lower: 536.9. We hasten to add however that this underpredicts farfield concentration
because the effect of cross diffuser merging is ignored. At least we have had the opportunity
to demonstrate the Configuration menu, and, in any case, we now feel more certain that the 400
colonies/100ml standard will be exceeded. A better estimate of farfield concentration awaits a
more complete analysis.

Go ahead and change the Configuration string back to "ATNOO" and run RSB by using the
“B command. The results are given in Figure 33. It is important to understand that the
PLUMES version of RSB uses a spacing value twice that shown in the interface because
RSB assumes two ports per spacing distance. Thus, to be comparable, non-PLUMES versions
of RSB must be run with double the spacing to agree with PLUMES RSB.
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RSB

Written by Philip J. W. Roberts (12/12/89)

(Adapted by Walter E. Frick (1/12/92))

Case: 2: Sand Island validation: no blockage

Lengthscale ratios are: s/lb = 3.42 1lm/1b = 0.21
Froude number, u3/b = 0.00

Jet Froude number, Fj = 18.6

Rise height to top of wastefield, ze = 16.3
Wastefield submergence below surface = 53.8
Wastefield thickness, he = 12.2 m
Height to level of cmax, zm = 10.9 m
Length of initial mixing region, xi = 8.6 m

Minimum dilution, Sm = 158

Ilustr. 33 The RSB simulation of the first Sand Island case. (Note the excessive estimate of
the wastefield width.)

Notice that RSB does not report a trapping level or intermediate dilution. However, we may
compare the average volume tlux dilutions at the plume element overlap level: they are 153.6
and 182 for UM and RSB respectively. The corresponding wastefield thicknesses are 10.75 (see
[plume dia]) and 12.2 meters respectively, varying by a similar amount. Finally, the respective
centerline rises are 17.06 and 10.9 meters.

Once again, if the analysis allows the luxury, it is convincing to present the results of the
most conservative conditions likely to be encountered for the variables even if they are unlikely
to occur simultaneously.

(Note that if the simulated plume is allowed to develop to maximum rise, which is possible
when the Configuration string is changed to, for example, "ATNMO0" ("M" is maximum rise),
the corresponding far-field dilution, diameter, and rise are 156.2, 16.5, and 17.23 respectively.
This is characteristic of the overlap problem under which plume diameter is overestimated,
which, if prolonged, feeds back and increases the initial dilution. Frick, Baumgartner, and Fox.
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(1992) show this problem is shared by Lagrangian and Eulerian integral flux plume models
generally, due to inadequacies of the standard round plume assumption. Itis unimportant in this
case, the dilution increasing from only 153 to 156 in the overlapped region.)

PLUMES links the same Brooks farfield model to RSB as it does to UM. It may seem odd
then that RSB predicts a farfield concentration almost equal to that of UM (612.2 vs. 626.7)
even though the dilution is substantially higher (204.5 vs. 172.3). The reason is in this case,
because of the small T90 time: the decay mechanism in UM is functional from discharge, while
the pollutant is assumed to be conservative (non-decaying) in the initial dilution region in RSB.

Jun 19, 1992, 12:11:52 ERL-N PROGRAM PLUMES, Jun 10, 1992 Case: 2 of
2
Title Sand Island validation, no blockage, min strat.
b tot flow # ports port flow spacing effl sal effl temp far inc far]
is

4.469 285 0.01568 7.315 0.0 25 500
2000
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

70.1 0.085 0.08500 2.763 2.763 0.000 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts
F
0.84 0.0 1.0 ~-2.893 6.1e8 55.26 18.68
2.105E-14
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
#
90 7.315 23.290.00001000 0.000453 0.15
2763000.00001395
depth current density salinity temp amb conc N (freq) red
grav.
0.0 le-5 22.99 34.99 26.18 0 0.006417

Ilustr. 34 Case 2: a weakly stratified Sand Island case.

As was suggested previously, it is perhaps appropriate to consider a weakly stratified case,
as shown in Figure 34, in order to simulate a surfacing waste field that might impact recreational
waters. Notice that this case is Case 2, as is shown in the upper right corner of Figure 34. To
create a new case use the “C command, <go to next Case> on the Movement menu. The new
case will use the information contained in the present case from which the “C command is given
as a template. Once in the new case, it may be edited. In Figure 34, some of the ambient data
has been changed: the case title, one line of ambient has been removed using the “YD
command, and changes shown in bold.
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plume dep plume dia poll conc dilution hor dis

m m m

70.10 0.08500 610000000 1.000 0.000

67.28 1.810 18800000 31.21 4.432

44.72 7.382 1603000 331.5 8.008< merging

29.51 11.73 936100 520.1 8.868< trap level

19.57 37.57 727000 601.6 9.652< plume element overlap.

Farfield calculations based on Brooks (1960), see guide for details:

Farfield dispersion based on wastefield width of 2115m
--4/3 Power Law-- -Const Eddy Diff-
conc dilution conc dilution distance Time
» m sec hrs
89800 602.0 89810 601.9 500.0 3269 0.9
10510 610.5 10570 606.9 1000 6602 1.8
1197 636.2 1224 621.8 1500 $936 2.8
134.2 673.9 140.5 642.9 2000 13270 3.7
<key>

Itustr. 35 UM and RSB predictions for Sand Island Case 2.

As before, you can now run UM and RSB, the results are given in Figure 35. Again, the
predicted UM and RSB dilutions compare well, being 601.6 and 671 respectively. This time
the UM plume diameter and the RSB wastefield thickness, which are not totally comparable
quantities, also agree closely, being 37.57 and 36.6 meters respectively. The message warning
plume element overlap, indicates upstream intrusion of the wastefield is possible (Frick et al.,
1989). The rises are considerably different, being 50.53 ( 70.10 - 50.53 ) and 32.7 meters
respectively. The UM farfield concentration is now 134.2 colonies/100ml, which is much less

than the previous farfield concentration and would meet the water quality standard of 400
colonies/100ml.

74




A tutorial of the interface

STEP 4: Analyze the Model Results and Make Adjustments

In the previeus section the RSB, UM, and historical model results were compared. Now
we will delve into the implications of some of the findings and question some of the assumptions
that were made. In doing so, we will change the program configuration to make it possible to
find the CORMIX flow categories for the cases in question. We will also illustrate the
PLUMES conflict resolution capability.

From the standpoint of assumptions made earlier, in Sand Island Case 3 we will first
examine the implications of sand blockage of half of the ditfuser ports. In Case 4 the focus
shifts to the sensitivity of the models to the magnitude of the decay coefficient, to other
assumptions and input data. Finally, in Case 5, we examine the eftect of current on predictions.

Jun 19, 1992, 12:17:37 ERL-N PROGRAM PLUMES, Jun 10, 1992 Case: 3 of
3
Title Sand Island validation, blockage, min strat.
tot flow # ports port flow spacing effl sal effl temp far inc far dis
4.469 142 0.03147 7.315 0.0 25 500 2000
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print fr
70.1 0.085 0.08500 5.546 5.546 0.000 0.10 500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts
F
0.84 0.0 1.0 -2.893 6.le8 55.26 37.50 1.049E~-14
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
#
90 7.315 23.270.00001000 0.000453 0.15 554600 4.08SE-0§
depth current density salinity temp amb conc N (freq) red
grav.
0.0 le-5 23.19 35.13 25.90 0 0.003473
0.2574
76 le-5 23.28 35.15 25.64 0 buoy flux
puff-ther
0.008100
72.19

Hustr. 36 Sand Island blocked ports case.

Instead of using the “C command, in going from one case to the next it is easier to use the
<Page Up> key. Use it to create Case 3. Now make the changes indicated in Figure 36 to
the ambient block (remember to delete the middle lines using “YD), the title, and the [# ports]}
cell. To change the PLUMES configuration use the “R command to obtain the Configuration
menu, then toggle the CORMIX tlow categorization feature -- simply press <C>. Notice that
the configuration string at the bottom of the interface changes from ATNQOO to ATCOQ after
which the flow category is given above the dialogue line: "CORMIX1 one port flow s5
unattached".

The PLUMES CORMIX classification algorithm is presently limited to single ports, thus the
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classification applies only to the unmerged region of the plume. Also, CORMIX is limited to
predicting plume behavior in, at most, two layer systems. Consequently, the interface will not
predict the flow category unless there are at least two and not more than three lines of ambient
input information. This is one reason why the middle lines in the ambient block in Figure 35
have been deleted. (Also, the surface salinity and temperature cells have been arbitrarily
i adjusted to give about the same density gradient found between the 30 and 76 m depths, ignoring
i the measured values at 61 m.) In this case this is not a significant simplification, especially
'~ since the original density structure is not entirely self-consistent as is evidenced by the unstable
layer in the third line of ambient stratification in Figure 34 (denser fluid of 23.31 sigma-t units
would appear to lie over less dense fluid of 23.28 sigma-t units). This could be the result of
measurement anomalies or a real transient condition.

Run Case 3. Notice that neither the dilutions nor the farfield concentrations are significantly
reduced (UM from 134.2 to 124.8 and RSB 184.0 to 140.7, sce Figure 37).

While you are still in Case 3, use the <Page Up> command to create Case 4. Earlier it
was assumed that the effluent temperature was 25 C, its more "correct” value is 25.1 C. While
this is a trivial change, go ahead and enter it anyway. Also, an effluent of 0.99979 gm/cc is
reported; do not enter it just yet. While the differences are seemingly trivial, it does provide
an opportunity to demonstrate the conflict resolution capability.

By now you are familiar with the fact that PLUMES differentiates between independent
(yellow) variables, or values, that you provide (or accept by default) and dependent (white)
: variables that PLUMES can create on its own from the information you type into the spreadsheet
3 interface. You may have wondered, "What would happen if I move to a cell which contains a
’f white value and I input a new value, thus overriding the old value?" This is the primary reason
why other programs do not allow the input of redundant variables. The danger is that you will
either create an inconsistency or, as it is called in mathematics, overspecify the system.
PLUMES has the capability to resolve many of these conflicts.

Go ahead and move the cursor in the effluent density [effl den] cell and, ignoring the
dependent value it contains, use the “K command to obtain the units of gm/cm3 and enter
0.99997 kg/m?.

As soon as you are finished entering the data the background in the effluent salinity and
- temperature cells ([salinity] and [temp]), the plume (port) depth cell [port dep] and the brown
‘ effluent plume density [eft] den] cells acquire a magenta background color and the 70.1 value
1 in [port dep] should begin to blink. PLUMES has detected the conflict that your overriding of
‘ the density value has caused. You are now confined to the conflict resolution mode until you
complete the actions shown in the dialogue window. The <space bar> will move you from
cell to cell, showing its location by blinking the value in each in turn. You must determine
which of the conflicting independent variables you wish to delete and then do so. That is the
only normal way to leave the mode. In this case, move the cursor to the [salinity] and press
C <D> or the delete key. Immediately, PLUMES replaces it with the value of 3.600 o/oo.
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plume dep plume dia poll conc dilution hor dis
m m m
70.10 0.08500 610000000 1.000 0.000
68.53 2.388 18860000 31.21 5.957
49.04 7.377 2578000 211.2 13.38< merging
2.752 19.19 790700 561.3 17.97< trap level
0.1349 20.25 758700 577.1 18.17< surface hit
Farfield calculations based on Brooks (1960), see guide for details:
Farfield dispersion based on wastefield width of 1052m
~-4/3 Power Law-- -Const Eddy Diff-
conc dilution conc dilution distance Time
m sec hrs
96780 579.9 96960 578.8 500.0 3212 0.9
10840 614.9 11120 599.2 1000 6546 1.8
1169 678.0 1249 633.6 1500 9879 2.7
124.8 754.9 139.8 672.4 2000 13210 3.7
<key>
RSB

Written by Philip J. W. Roberts (12/12/89)

(Adapted by Walter E. Frick (1/12/92}))

Case: 3: Sand Island validation: blockage, min strat.

Lengthscale ratios are: s/lb = 0.44 1lm/lb = 0.07

Froude number, u3/b = 0.00

Ilustr. 37 UM and RSB predictions for Case 3.
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This new value has interesting implications. The question might be asked whether the
effluent is indeed so saline, or is it more likely that suspended or other dissolved contaminants
contribute to the density or is it a case of analytical measurement errors? This question will not
be resolved here but may be important to pursue if the reduction in dilution caused by reduced
buoyancy results in a standards violation. In any case, by running UM you find that the farfield
bacterial count has been raised only a few percent and is still below the critical value.

Now we will create Case 5 to provide another variation of Case 2, the case with minimum
stratification and no blockage. Use “C and <2 > to return to Case 2 followed by “C and <5>
to establish the new case. Our main objective is to analyze the effect of current, but first we
will look at another bacterial contaminant that is regulated, Enterococcus, which is found in the
effluent at 6.3x10° colonies/100ml. When you make just this change in the [poll conc] cell and
run UM and RSB you see that UM provides a farfield dilution of 673.9 which is exactly the
same as Case 2 and a plume concentration of 1.386 which is 1/96.6 of 139, the concentration
found with Case 2. Of course this is the same fraction as 6.3x10% is of 6.1x10%, which we
expect.

RSB provides a greater farfield dilution (993.9) than UM because the initial dilution is
higher. However, the 1.901 colonies/100ml is greater than the UM concentration because UM
includes die-off in the initial dilution region while RSB does so only in the farfield. However,
both RSB and UM plume concentrations arc proportional to the effluent concentrations.

Both RSB and UM are now in agreement: the discharge will meet the Enterococcus water
quality criterion of 7 colonies/100ml, predicting 1.901 and 1.386 colonies/100ml respectively.
However, predicted concentrations are very sensitive to the value of the decay constant. For
example, if the T90 time for Enterococcus 1s 1 hour and 15 minutes, rather than one hour, an
increase of only 25%, the Enterococcus bacteria concentration predicted by UM increases more
than six-fold, to 8.044 colonies/100ml, a value close to the numerical value of the Enterococcus
standard. The corresponding RSB concentration is 10.18.

Before wrapping this example up, we will make one more change. It may be argued that
it is unrealistic to subject the plume to zero current in the initial dilution (or rise) region and
then assume that the subsequent current is 15 cm/sec. We will now examine the effect of
current on predictions of the two models. Since this will practically assure that cross diffuser
merging will take place, we will consider the effect of restoring 285 ports at half the spacing and
compare the two results.

From Case 3 create Case 6 using the “C command. Add to the title the word "current”.
Move to the ambient current cell [current]. Now type .1, i.e. 10 cm/sec, over each of the
currents. Also, change the concentration in the [poll conc] cell to 6.3e6. The interface for Case
6 should agree with Figure 38.

The abbreviated predictions for both UM and RSB are shown in Figure 39. The UM
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average dilutions at the end of initial mixing (overlap is no longer a problem) and at 2000 meters
are higher than RSB, 1667 compared to 1480 and 2131 versus 1838. The UM farfield
Enterococcus concentration is disproportionally lower than the RSB value, 0.5343 compared to
2.187 colonies/100ml. Nevertheless, both RSB and UM predict that the standard would be met
under these conditions. However, at 1500m the models would be in disagreement on the
standard being met.

Jun 23, 1992, 12:50:31 ERL-N PROGRAM PLUMES, Jun 10, 1992 Case: 6 of

6
Title Sand Island validation: blockage, min strat., current
tot flow # ports port flow spacing effl sal effl temp far inc far]
dis
4.469 142 0.03147 7.315 0 25 500
2000

port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

70.1 0.085 0.08500 5.546 5.546 0.000 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts|
F
0.84 0.0 1.0 -2.893 6.3e6 55.26 37.50
0.01049
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
#
90 7.315 23.27 0.1000 0.000453 0.15 55.46
4.089E-06
depth current density salinity temp amb conc N (freq) red
grav.
0.0 0.1 23.19 35.13 25.90 0 0.003473

Ilustr. 38 Case 6, with current.

As before, part of the discrepancy between the models can be explained by the fact that
when using RSB it is assumed that the concentrations are conservative throughout the initial
dilution region. Since this zone is 275 m long, the effluent takes the better part of an hour to
traverse this distance. We also note that the flux of material flowing through the RSB plume
cross-section is geometrically consistent with an average dilution of 1828
((0.1x1031.5x79.2)/4.469). UM splits the two RSB values well and would be an appropriate
choice.

All along we have been finessing the issue of port blockage and using the spacing on one
side of the diffuser (half the number of ports) versus using half the spacing (all ports). Of
course, PLUMES can be easily set up to do either. When the number of ports in Case 6 is
restored to 285 and the spacing is reduced to 3.858m (12ft) the initial dilution for UM increases
from 1667 to 1690 and for RSB it decreases from 1480 to 1427. Neither change is really
significant, although it may be in other circumstances. If the most conservative analysis still
shows the standards will be met, the "right" answer is really irrelevant. However, if standards
are not met then refinements are in order.
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plume dep plume dia poll conc dilution hor dis

m m m
70.10 0.08500 6300000 1.000 0.000
69.22 2.082 195300 31.21 5.830
62.52 7.347 28050 208.3 16.46< merging
42.47 34.54 4950 997.8 45.46
35.52 48.89 3433 1335 §7.70< trap level
30.02 64.53 2546 1667 70.17< surface hit

Farfield calculations based on Brooks (1960), see guide for details:

Farfield dispersion based on wastefield width of 1096m
--4/3 Power Law-- ~Const Eddy Diff-
conc dilution conc dilution distance Time
m sec hrs
406.3 1670.4 406.7 1669.0 500.0 2866 0.8
45.97 1753.4 46.91 1717.4 1000 613S 1.7
4.387 1921.2 5.285 1810.3 1500 9532 2.6
0.5343 2131.3 0.5924 1917.9 2000 12870 3.6
<key>
RSB

Written by Philip J. W. Roberts (12/12/89)

(Adapted by Walter E. Frick (1/12/92))

Case: 6: Sand Island validation: blockage, min strat., current

Ilustr. 39 UM and RSB predictions tfor Case 6.
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STEP S. Using the Results in the Decision Making Process.

As we said it might, the analysis evolved along several paths and examined several issues.
Yet, the higher flow cases are still not analyzed and the analysis remains incomplete.
Completing the job is left an as exercise. However, given that the data was reliable and
appropriate, that our conclusions about the proper use of UM and RSB are correct, and that this
is the only contaminant of concern, it seems that the proposed plant expansion should meet the
state’s water quality criterion for Enterococcus. Thus, even doubling the flow rate would allow
the standard to be met according to the UM predictions.

But how good are the input data? In the case of the decay constant, we have observed
extreme sensitivity of the bacterial concentration to minor changes in the decay constant.
Bacterial survival in ocean water is known to depend strongly on solar insolation, protozoan
predation, and other factors. We also saw that dilutions and concentrations were sensitive to
ambient current speeds and ambient density, and, in this case, less sensitive to port spacing.

With these considerations in mind, it is important for the analyst to obtain the best data
possible and to encourage regulatory agencics to acquire environmental data over a wide range
of conditions. Even then, it is apparent that judgment is also likely to play a role in the decision
making process.
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EXAMPLE: A CORMIX1 COMPARISON, DENSITY, STABILITY, AND
PROFILES

INTRODUCTION

Beginning in 1973, the U.S. EPA sponsored research which ultimately led to a succinct,
untuned statement of forced entrainment, the Projected Area Entrainment (PAE) hypothesis
(Frick and Winiarski, 1975; Winiarski and Frick, 1976, 1978; Teeter and Baumgartner, 1979;
Frick, 1984; Frick, Baumgartner, and Fox, 1993). Models using PAE, all currently expressed
in the Lagrangian formulation, include OUTPLM (Teeter and Baumgartner, 1979), UMERGE
(Muellenhoff et al., 1985), UM, and JETLAG (Lee and Cheung, 1990). Sometimes criticized,
the work was recently verified and justificd by Lee and Cheung (1990) and Cheung (1991).
Cheung (1991) shows that JETLAG, a threc-dimensional plume model, clearly outperforms the
highly regarded Chu (1975) and Schatzmann (1979) models in predicting trajectory and dilution
constants in asymptotic tlow regimes. It also indicates the correct power law dependence of the
trajectory in different tlow regimes. Frick, Baumgartner, and Fox (1993) demonstrate the
similarity between UM and JETLAG for two-dimensional flow, showing that Cheung’s
conclusions concerning JETLAG apply to UM as well.

Nevertheless, while it should be possible to apply the PAE hypothesis to plume behavior in
general, the EPA UM model is presently limited to simple merging geometries and surface
interaction phenomena. Thus, it performs best when plumes are discharged in deep water. It
1s also a two-dimensional model, though an cxperimental three-dimensional vector version exists.

These limitation were a consideration in EPA’s decision to develop the empirically based
EPA CORMIX models, or expert systems (summarized by Hinton and Jirka, 1992). CORMIX
stands for CORnell MIXing zone models. The idea was to exploit accumulated laboratory and
field experience to compile a set ot methods and empirical models to bridge the gaps evident in
theoretical modeling.

The Cornell initiative resulted in the development of CORMIX1, CORMIX2, and CORMIX3
for the analysis of submerged single port discharges, submerged diffusers, and surface
discharges, respectively. About 80 ditferent diffuser and ambient profile combinations, or flow
classifications are represented.

Empirical models are most effective when prototype and model variables and conditions are
highly similar. When these conditions are not met the predictions can degrade rapidly. In other
words, it is often difficult to extrapolate to conditions which were not included in the
experimental design on which the models arc based. Since it is often not clear to the user when
extrapolation occurs, this can be a real problem. This example demonstrates some of the
pitfalls. They apply, though not to the same degree, to theoretical models as well.

Nevertheless, it is worthwhile to maintain and promote empirical plume modeling models
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along with theoretical approaches. The challenge is to find ways to make it possible to benefit
from both while facilitating and enhancing the analysis process, perhaps even reducing the level
of effort necessary in the long run. Combining the Cornell CORMIX flow classification
schemes in the PLUMES interface is an attempt to achieve this goal. In principle, it makes a
screening level analysis possible which provides information on its own efficacy, and
recommendations for further analysis, if necessary. Ultimately, a way may be even found to
include the CORMIX computational modules within PLUMES.

An example comparing the UM and CORMIX models is presented to give you an
appreciation of how PLUMES may be used to help you assess the appropriate uses for
CORMIX, RSB, and UM. At the same time it will help you understand the differences between
the plume models, their strengths and weaknesses. The example chosen is from Appendix B of
Hinton and Jirka (1992), in which a full statement of the problem and a description of the
CORMIXI1 solution is found. It is a single port problem (CORMIX1), chosen in part because,
at the time of this writing, the CORMIX2 and CORMIX3 tlow classification algorithms were
not available. '

In addition to the references to CORMIX, this example provides an opportunity to explore
the very important roles of density and stability in plume behavior and modeling. They are the
sources of some of the pitfalls alluded to above. It also addresses the relationship between
average and centerline plume properties.

(a) (b)
- . ——+— Field Measurements
View Looking Downstream -——--- Cermix Approximation
v e UM3 Case 2
A
10 A
o 3
1o/ ga.1°

4]
Qo
llllllllllllllllllllllll

™Y TTYTr T Ty T T [vyr r[riordt
T T T I

0.6lm ¢
—\— \M 10 Dis_ghargg__
= : Level
W \—Discharge Pipe 40
Depth
—b 1 L i 1 (m) o e b o by g taa s L1y
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Distance From Shore (ft) Ternperature (C)

Ilustr. 40. (a) Reservoir cross-section. (b) Temperature profile.

PROBLEM
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A manufacturing plant is discharging effluent into a reservoir. The effluent of 3.5 MGD
contains chlorides at a concentration of 3500 ppm (3.5 0/00) and is released at a temperature of
20 C. The reservoir is large and deep, a cross-section is shown in Figure 40(a). The discharge
is at a depth of 29.9 m, 0.6 m off the bottom, and is directed upward at an angle of 10 degrees,
whose horizontal projection is perpendicular to the current. The port diameter is 25.4cm. In
summer, the temperature profile (CORMIX approximation) of the lake is 29 C at the surface and
28.1, 17.5, and 11 C at depths of 15.5, 15.5, and 35 m respectively as shown in Figure 40(b).
The current in the bottom layer is small: 0.015 m/s.

S3 NHZ

Y\

Ilustr. 41. Schematics of flow classifications S3 and NH2 (Hinton and Jirka, 1992).

The maximum allowable concentration is 1200 ppm of chloride and the allowable continuous
concentration is 600 ppm. The mixing zone boundary is 60 m away from the port. CORMIX1
calculates an effluent density of 998.3872 kg/m?® and an ambient density of 999.6476 kg/m>.

Using a layer boundary depth of 15.5 m, CORMIX predicts the flow class S3 for this
example. No bottom attachment is indicated. The dilution at the boundary of the specified
regulatory mixing zone is predicted to be 11.9 at a depth of 27.5 m. This is a centerline dilution
-- the average dilution would be significantly greater. The dilution is sufficient to meet both the
maximum and continuous criteria.

Because the plume is expected to trap in the stable bottom layer, we expect the PLUMES
UM model to simulate this case well, even though some of the underlying assumptions are not
met. RSB, as a multiple port diffuser model, is not applicable. If issued, the RSB command
will cause the message "Use RSB for multiple port diffusers” to appear in the dialogue window.
ANALYSIS

General Considerations

To begin this exploration of the relationship of the UM model to CORMIX and the issues
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of density, stability, and plume profiles, start PLUMES and type in the data as shown if Figure
42. (Since the PLUMES interpolation capability will be demonstrated, leave the blank cells in
the ambient block as shown. Since the Configuration string shows that the auto ambient option
is on, which will normally provide a defauit value for these cells, you can turn it off.
Alternatively, you could move around the cells, or delete them the default values.)

Jun 23, 1992, 20: 6:45 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 1 of
1

Title CORMIX1 example, H&J 1992

tot flow # ports port flow spacing effl sal effl temp far inc far
dis
0.1533 1 0.1533 1000 3.5 20 20
60
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frg

29.9 0.2540 0.2540 3.026 2.980 0.5255 0.10
sogort elev ver angle cont coef effl den poll conc decay Froude # Roberts
i 0.6 10 1.0 G.9296 3500 0

hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
? 90 1000.0 0.01500 0.000453 0.015 201.8
depth current density salinity temp amb conc N (freq) red
grav.

Ilustr. 42. First draft input for the CORMIX]1 example.

Several assumptions and statements concerning the input should be clarified: The default
port spacing [spacing] of 1000m is appropriate. It means that merging will not occur
because the plumes will never grow that large and thus UM will run as a point source
model. Also, as a first cut, the effluent salinity cell is input as 3.5 o/oo (3500 ppm) even
though, since the effluent is neither tresh nor sea water, the PLUMES equation of state is not
valid for for accurately estimating the density of the effluent. The “K (units conversion)
command has been used to convert units in several cells, e.g. to input 3.5 MGD in the total flow
cell. The ambient depth of 29.9m has been entered into the ambient block while the density,
salinity, and temperature cells have been left blank. PLUMES will be used to determine the
ambient properties at port depth.

It is assumed the effluent is co-flowing, i.e. is discharged in the direction of the current,
even though it contradicts the actual geometric flow configuration. This is necessary because
for single ports UM is a two-dimensional model. A horizontal angle [hor angle] of 90 degrees
indicates the plume will be modeled as a co-tflowing case. It is a justifiable assumption because
the current is small. Furthermore, it is a conservative assumption because entrainment will be
underestimated and, therefore, dilution will be less than it would be otherwise. This is due to
the fact that the plume will project less area to the current and therefore forced entrainment will
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be reduced. CORMIX!1 works in a somewhat similar fashion, patching together different
modules valid for different parts of the plume’s trajectory.

Before proceeding, it is good practice to assure that the model configuration options are
properly set. Use the <Show configuration> command, “RS, to show the current settings.
It shows that the CORMIX] classification algorithm is currently inactive. Since we want to
illustrate the association between PLUMES and CORMIX, use the <Cormix! categories>
command, or <C>, to activate the option. The third letter in the configuration string at the
bottom of the screen will change from "N" to "C" (e.g., ATNOQ to ATCOQ0). The new
configuration string is shown in Figure 44.

PLUMES Configuration

Automatic ambient fill is on

Brooks equation input deleted

: The CORMIX flow categorization algorithm is active

UM farfield predictions begin at element overlap

Farfield model initiation choices are:

M: maximum rise; O: element overlap; P: pause criterion.

Other criteria, such as surface interaction, will override these choices.

onNnoy

0: Brunt-Vaisala reversals determined by UM as 1 or 2

Ilustr. 43. The PLUMES configuration.

To establish the proper, interpolated temperature at the 29.9 m depth in the ambient block,
put the cursor in the temperature cell at 35 m depth. Since the automatic ambient fill option is
on you may have to use the “T command to keep the 29.9 m temperature cell empty after the
cursor is moved through it. From the 35 m temperature cell issue the command “YI; the correct
interpolated temperature, 13.0 C, appears immediately as shown in Figure 44. The same could
be done for the salinity cell although it will be easier to simply move the cursor through the cell
(or input O if the automatic ambient fill option is oft). The ambient density will be calculated
automatically upon moving from the salinity cell. While density issues will be discussed further,
it is worth noting here that interpolating temperature and salinity value, will not result in the
same density as interpolating on density directly. The interpolated values are also shown in
Figure 44.

Notice that the CORMIX window ncar the bottom of the screen states: "CORMIX1
algorithm limited to three lines of ambient”. This is a limitation of the PLUMES interface
which does not yet implement the full CORMIX classification algorithm. (Furthermore, the
abridged version that is implemented has not been reviewed by authors of the CORMIX models.)
In some cases it is possible to circumvent this limitation. For example, if the plume remains
in the bottom layer the details of the ambient temperature near the surface will be superfluous,
making it possible to simplify the ambient profile in order to obtain the CORMIX flow class.
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Jun 23,
1
Title

tot flow
dis
0.1533
60
port dep
frq
29.9
500
port elev
Roberts F
0.6
0.0003835
hor angle
Stratif #
90
-0.01961
depth
grav.

1992,

20:10:37

CORMIX1 example,

# ports port flow

1

port dia plume dia total vel horiz vel vertl vel asp coeff print

0.2540

ver angle

ERL-N PROGRAM PLUMES, July 1,

0.1533

0.2540

cont coef

H&J 1992

spacing

1000

3.026

effl den poll conc

1992 Case: 1 of
effl sal effl temp far inc far]
3.5 20 20

2.980 0.5255

10 1.0 0.9296 3500 0
red space p amb den p current far dif
1000.0 -0.5584 0.01500 0.000453 0.015
current density =salinity temp amb conc

decay Froude ﬂ
far vel K:vel/cur

N (freq) red

0.10

-49.73

201.8

Ilustr. 44. Interface with CORMIX flow category and interpolated temperature.

m

29.90

28.82

30.50
30.55
31.37

31.72

A

m

0.2540

4.045

7.458
7.507
8.660

10.00

plume dep plume dia poll conc

dilution
3500 1.000
212.8 16.47

< only growth and aspiration

< local maximum rise or fall

entrainment

109.4 32.05
108.6 32.27
93.91 37.32
81.19 43.17

hor dis
m
0.000
9.574

after this point

19.49
19.64< trap level
22.92< bottom hit

26.55< bottom hit

< only growth and aspiration entrainment after this point

local maximum rise or fall< plume element overlap.

Ilustr. 45. UM and RSB output for the dratt case (Case 1).

(In other cases, the two layer approximation used in CORMIX may be inappropriate.) Thus UM
may be used to predict the rise of the plume which shows, after the fact, that the simplification
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is appropriate (i.e. the rise is limited to the bottom layer). The predictions are given in Figure
45.

UM predicts a plume concentration of 212.8 at maximum rise at a downstream distance of
9.574 m and a depth of 28.82 m. This is clearly in the bottom stratified layer and within the
specified mixing zone of 60 m. Thus, the simplification of the ambient data to two lines of data,
as is done in Case 2, is appropriate. Consistent with the predictive strategy for negatively
buoyant plumes indicated by the configuration string, the UM prediction continues past the point
of maximum rise. With the <Reversals sct> option set to 0, UM determines the number of
reversals, i.e. levels of maximum rise and fall, to be two if the effluent is negatively buoyant.
The average concentration at maximum fall is 81.19.

UM may also be used to estimate plume centerline concentrations. For this purpose there
is a centerline concentration [CL conc] cell which normally does not appear on the interface but
may be revealed by manipulating the Pause cell located near the lower right hand corner of the
interface, below the red block of cells. To get the centerline concentration into the Pause cell
use the <pauSe cell> command, “YS, on the Miscellany menu. When you do the dialogue

Back, Inequalities, Qutput, Variables(space), or <esc>

Tlustr. 46. The Pause cell dialogue window.

window shown in Figure 46 appears. Press space bar to move through the list of available cells
until the centerline concentration [CL conc] cell appears. If you go too fast and pass it by you
can return to it by pressing <B>. When the [Cl conc] cell appears press <O> to put the cell
on the output table. The left byte of the cell will turn blue to indicate the variable will be
output.

Run UM again. The results are shown in Figure 47. We see that the maximum rise
average and centerline concentrations are 424.7 and 212.8 ppm respectively. At maximum fall,
the corresponding concentrations are 171.1 and 81.19 ppm. Note that the ratio of the centerline
to average concentration is not constant but increases from 1.0 at the source to 2.1 (171.1/81.19)
at the end of the initial dilution zone. In some cases it will continue to increase to its theoretical
limit, for single plumes, of 3.89. All concentrations are well below the 600 ppm standard.

Notice that a centerline concentrations is not given in the farfield. An estimate of the
centerline concentration in the farfield could be obtained by multiplying the average
concentration by the same factor, or peak-to-mean ratio, obtained in the initial dilution phase,
i.e. 2.1.
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plume dep plume dia poll conc dilution CL conc hor dis

m m m
29.90 0.2540 3500 1.000 3500 0.000
28.82 4.045 212.8 16.47 424.7 9.574

< only growth and aspiration entrainment after this point

< local maximum rise or fall

30.50 7.458 109.4 32.05 225.6 19.49

30.55 7.507 108.6 32.27 224.1 19.64< trap level
31.37 8.660 93.91 37.32 195.7 22.92< bottom hit
31.72 10.00 ‘81.19 43.17 171.1 26.55< bottom hit

Ilustr. 47. UM output with centerline concentrations.

If we were confident about the assumptions the analysis would be complete; after all, the
standards are met under relatively conservative conditions (e.g. at the first maximum rise for a
co-flowing plume). The same basic conclusion that the criteria will be met has been reached by
the PLUMES and CORMIXI1 analyses. However, it is instructive to continue with the analysis -
- especially as it serves the purpose of further illustrating the subtleties of the modeling process.

Ambient Profile Simplification

If the assumption that the effluent brine density obeys the PLUMES equation of state were
valid, there would be no reason to continue the analysis. However, it is clear that CORMIX
uses another relationship and therefore the assumption is questionable. Further examination
shows that the effluent density calculated by CORMIX1 corresponds closely to that of fresh
water. Of course, the freshwater assumption is equally tenuous because chloride is a major
constituent of denser sea water and the effluent should probably exhibit a greater density. In any
case, it is sobering to see how little it takes to switch from one tflow pattern shown in Figure 41
(S3) to another (NH2). Thus, understanding the role that density plays in plume behavior
and ambient stability is very important.

Continue with the analysis by forming a new case, Case 2, using the “C command or <Page
Up> key. Then, delete the threc intermediate lines from the ambient block using the “YD
command. Finally, move to the surface ambient temperature cell and type in 25.5 (the extension
of the bottom temperature gradient shown as a dotted line in Figure 40). When you are done
the interface screen should look like Figure 48.
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PLUMES predicts a negatively buoyant flow classification type: NH3 with [bottom]
attachment a5 (see Doneker and Jirka, 1990 for schematic descriptions of these classes). That
the plume is negatively buoyant is also apparent from the fact that the effluent density (0.9296
sigmaT) in the brown block is greater than the ambient density (-0.7222 sigmaT) in the green
block and the Froude # is negative. The NH3 is a classification similar to the NH2 classification
given if Figure 41. It differs significantly in character from the S3 classification.

Jun 24, 1992, 12:49:36 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 2 of
2

Title CORMIX1 example, H&J 1992, reduced ambient lines

tot flow # ports port flow spacing effl sal effl temp far inc far]
idis
0.1533 1 0.1533 1000 3.5 20 20
60
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

29.9 0.2540 0.2540 3.025 2.979 0.5254 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts
F
0.6 10 1.0 0.9296 3500 0 -47.19
0.0003455
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
#
S0 1000.0 -0.7222 0.01500 0.000453 0.015 201.7
-0.01183
depth current density salinity temp amb conc N (freq) red
grav.
0.0 0.015 -3.022 0 25.5 0 0.02748
-0.01618
35.0 0.015 -0.3299 0 11 0 buoy flux
puff-ther
-0.002481
17.95
jet—plum4
jet-cross
11.28
45.40
plu-crossj
jet~-strat
735.1
4.979
plu-strat
3.307
CL conc>=

Tlustr. 48. Simplified Case 1 input to enable the CORMIX flow classification algorithm in
PLUMES.
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It is gratifying that the overall flow characterization is essentially equivalent to the one
analyzed in Case 1, as it should be, i.e. it is negatively buoyant. Specific numerical differences
with the previous case may be attributed to small inaccuracies in specifying the surface
temperature, which was estimated graphically.

For the sake of comparison, we will attempt to correct the discrepancy between the two
models by revising the assumption that the discharged chloride brine has the same equation of
state as that built into the interface. To do so, make a new case, Case 3. Then move the cursor
to the effluent plume density [effl den] cell, invoke the “K command, and input the effluent
density in kg/m?® given in the CORMIX! analysis: 998.3872. After attempting to move from
the cell, the conflict resolution mode will trap the overspecification. Press <space bar> to
move to the effluent salinity cell and delcte its value. The interface screen should now look like

Jun 24, 1992, 9: 6:50 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 3 of
3
Title CORMIX1 example, H&J 1992, effl den = 998.3872

tot flow # ports port flow spacing effl sal effl temp far inc far
dis
0.1533 1 0.1533 1000 0.1573 20 20
60 .
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

29.9 0.2540 0.2540 3.025 2.979 0.5254 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude #
Roberts F
0.6 10 1.0 -1.613 3500 o] 64.17
0.0006391
hor angle red space p amb den p current far dif far vel K:vel/cuﬁ
Stratif #
90 1000.0 -0.7222 0.01500 0.000453 0.015 201.7
0.02193
depth current density salinity temp amb conc N (freq) red
grav.
0.0 0.015 -3.022 o 25.5 o 0.02748
0.008750
35.0 0.015 -0.3299 0 11 0 buoy flux
puff-ther
0.001341
22.03
jet~-plume
jet-cross
15.35
45 .40
plu-cross|
jet-strat
397.5
4.979
plu-strat

Hlustr. 49. The interface screen after correction of CORMIX effluent density, with output.
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thatin Figure 49. The effluent salinity now indicates 0.1573 o/oo which supports the conclusion
that the density of fresh water is used in the CORMIX example with chloride being treated as
a noncontributing component to density. With this assumption, the flow classification now
agrees with the CORMIXI prediction -- both are S3, with no bottom attachment in the initial
dilution region.

The corresponding simulation is also shown in Figure 49. The predicted dilution is now
31.53 at the end of the initial dilution zone, i.e. at maximum rise. This is almost twice large
as the dilution found in Case 1 and conscquently, if the density assumption were valid, which
it is not, the criterion for chloride will be easily met. (Note the inverse relationship between
concentrations and dilutions.) Consistent with the fact that the plume is now positively buoyant
(-1.613 sigmaT < -0.7222 sigmaT), the farfield model begins at maximum rise and the advisory
message about growth and aspiration entrainment may be ignored.

Density: The Linear and Nonlincar Forms of UM

At this point in the analysis you have reasons to lose confidence in the equations of state
used in CORMIX and PLUMES. Obviously, the PLUMES equation of state applies strictly only
to fresh and sea water and the limitations of the CORMIX method are uncertain. There is,
however, another option, in UM a linear form of the equation of state. In this form, the density
is assumed to be linear function, i.e. to have a constant coefficient of bulk expansion.
Essentially the density is a weighted average of the densities of the plume and ambient fluids.
It is a useful approximation in many cases where the non-linear form may be grossly
inappropriate. However, it is totally inadequate for predicting nascent density effects.

The linear equation of state is invoked simply by entering densities instead of salinity
and temperature, which are left undefined. In this mode the complex equation of state built
into PLUMES is ignored in favor of the simple linear equation of state. To illustrate, create
Case 4 pressing the <Page Up> key in Case 3. Then override the values in the ambient
density cells. When you are done the interface and simulation should appear as in Figure 50.

In this case the differences with the previous run in Case 3 are relatively small. The
predicted dilution at maximum rise for the linear form is 29.02 compared to 31.53 for the
nonlinear. The differences in rise are correspondingly small: 2.63 m (29.90 - 27.27) for the
linear form compared to 2.90 m (29.90 - 27.00) for the nonlinear form.

In most cases not involving suspended and dissolved solids, except for sea salt, it is best
to use the nonlinear form of UM, i.c. to specity salinity and temperature rather than only
density as input. It is recommended because the equation of state of water, especially fresh,
cold water, is significantly nonlinear. For plumes discharged to very cold, fresh water, the
linear form of the model can lead to significant errors in the predictions, in extreme cases
predicting monotonically rising plumes where, in fact, real plumes will rise briefly before
sinking to the bottom (Frick and Winiarski, 1978). This is the nascent density effect described
in the first chapter.




Example: a CORMIX ] comparison, density, stability, and profiles

To illustrate this very interesting behavior, consider the case of a highly buoyant plume
discharged to fresh water near the freczing temperature. This is a common occurence in cold
climates with discharges to fresh water bodies. From Case 4 press <Page down> to create
Case 5. Now enter the temperatures shown in Figure 51. After you are finished run this
nonlinear form of UM. The predicted plume reaches a trapping level at the 27.07 m level and,
expending its vertical momentum, rises to a depth of 24.35 m. At this point the plume is, and
remains, negatively buoyant and, therefore, descends back to the bottom.

Jun 24, 1992, 9: 7:56 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 4 of
4
Title CORMIX1 example, H&J 1992, linear equation of state

tot flow # ports port flow spacing effl sal effl temp far inc far dis|

0.1533 1 0.1533 1000 20

60

port dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq

29.9 0.2540 0.2540 3.025 2.979 0.5254 0.10 500

port elev ver angle cont coef effl den poll conc decay Froude # Roberts
F

0.6 10 1.0 -1.613 3500 o 64.17 0.0006391

hor angle red space p amb den p current far dif far vel K:vel/cur Stratif
#

90 1000.0 -0.7222 0.01500 0.000453 0.015 201.7 0.02193

depth current density salinity temp amb conc N (freqg) red grav.

0.0 0.015 -3.022 o 0.02747 0.008750

35.0 0.015 -0.3299 0 buoy flux puff-ther

0.001341 22.03
jet-plume jet-cross
15.34 45.40
plu-cross Jjet-strat
397.5 4.979

plu-strat
2.836
CL conc>=
CORMIX1 one port flow s3 unattached. Use UM. (See manual)
deg C, deg F -2.0 to 50 deg C rangej

Help: Fl. Quit: <esc>. Configuration:ATCOO0. FILE: cormixl.var;

plume dep plume dia poll conc dilution CL conc hor dis

Hustr. S0. The linear equation of state mode of UM,

The reason for this behavior is due to the fact that water has its maximum density around
4C. Initially the plume is very buoyant (-7.724 sigmaT < 0.03870 sigmaT), but, as the plume
ascends in the water column, it rapidly cools through entrainment and becomes more dense than
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Example: a CORMIX1 comparison, density, stability, and profiles

the ambient fluid as the average density of the plume element approaches 4 C. At that
temperature it is considerably more dense than its surroundings which has a temperature
somewhere between O and 4C at this point. Consequently, the upward ascent of the plume is
first inhibited and finally reversed due to the negative buoyancy.

Jun 24, 1992, 10: 1: 5 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 6 of

6
Title CORMIX1 example, linear mode, very cold ambient
tot flow # ports port flow spacing effl sal effl temp far inc far]
dis
0.1533 1 0.1533 1000 20
60

port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq

29.9 0.2540 0.2540 3.025 2.979 0.5254 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude # Robertsj
F 0.6 10 1.0 -7.724 3500 0

21.860.00007414
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif

i 90 1000.0 -0.09290 0.01500 0.000453 0.015 201.7
5.706E-08 ‘
depth current density salinity temp amb conc N (freq) red
grav.
0.0 0.015 ~-0.09295 0 0.0001297
0.07542
35.0 0.015 -0.09289 0 buoy flux
uff-ther
F 0.01156
10.74
jet-plume]
jet-cross
5.227
45.40
plu-crossi
jet-strat
3426
72.47
plu~-strat

Hustr. 51. Discharge of a highly buoyant plume to very cold water; linear form of UM. With
output.

To compare this simulation to one with the linear model, form Case 6 starting from Case
5 and override all the dependent (white) densities with equivalent independent densities. First
erase any salinity or temperature values. (Or, if the conflict resolution capability is used, the
“QD command is handy for moving to the end ot the cell where you can add an extra zero to
the replacement string so that PLUMES knows that the densities are to become independent).
When you are done the interface should look like that in Figure 52.

In this, a superficially identical case, the plume rises to the surface. Clearly it is important
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to be aware of these extreme differences in model behavior. They are not both right.
Depending on the analysis, in one case one would conclude that benthic organisms will be
affected, in the other, surface organisms. Thus, whenever the data are available and suspended
and dissolved solids (excluding sea salt) are not an important factor, the nonlinear equation of
state should be used.

Jun 24, 1992, 9:57:22 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 5 of
5

Title CORMIX1 example, non-linear mode, very cold ambient

tot flow # ports port flow spacing effl sal effl temp far inc far]
dis
0.1533 1 0.1533 1000 0 40 20
60

port dep port dia plume dia toctal vel horiz vel vertl vel asp coeff print
frq

29.9 0.2540 0.2540 3.028 2.979 0.5254 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts|
0.6 10 1.0 -7.724 3500 0

21.860.00007415 ,
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif

#
90 1000.0 -0.09290 0.01500 0.000453 0.015 201.7
6.449E-08
depth current density salinity temp amb conc N (freq) red
rav.
p 0.0 0.015 -0.09295 0 0 0 0.0001378
0.07542
35.0 0.015 -0.09289 0] 0.001 0 buoy flux
jpuff-ther
0.01156
10.74
jet—plum#
jet-cross
5.227
ﬂ5.40
plu-cross
jet-strat
3426
70.29
~ plu-strat

Ilustr. 52. Discharge of a highly buoyant plume to very cold water; nonlinear form of UM.
With output.

The densities of fresh water at several temperatures used in this example are compared in
Figure 53.




Example: a CORMIX | comparison, density, stability, and profiles

Tabla I1I. PLUMES and CORMIX! densities compared

with published values (Weast, 1977).
. ___________________________________________________________________________ ]

FRESHWATER-
Temperature ------- Densities (kg/m’) -----
(C) UM CORMIX1
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THE ROBERTS, SNYDER, BAUMGARTNER MODEL: RSB

INTRODUCTION

RSB is based on the experimental studies on multiport diffusers in stratified currents
described in Roberts, Snyder, and Baumgartner (1989a,b,c), which should be consulted for
detailed explanations. These studies were conducted with an experimental configuration shown
in Figure 53. The diffuser is straight and consists of horizontally discharging round nozzles
which are uniformly spaced. The ports discharge from both sides of the diffuser, which is
similar to most prototype applications. This configuration would include diffusers consisting of
pipes with ports which are holes along each side or T-shaped risers each containing two ports
as shown in Figure 53.

The receiving water is linearly density-stratified, and flows at a steady speed at an arbitrary
angle relative to the diffuser axis. RSB is intended for stratified conditions producing a fully
submerged wastefield; other models should be used for surfacing wastefields, for example
ULINE (Muellenhoff et al., 1985).

Ilustr. 53. Diffuser configuration considered by RSB.

As discussed later, RSB is also a good approximation for diffusers in which the ports are
clustered in multiport risers, at least up to 8 ports per riser. The range of the experimental

95




The Roberts, Snyder, Baumgartner model: RSB

parameters (port spacing, port diameter, jet exit velocity, current speed, current direction, and
density stratification) was chosen to be representative of highly buoyant discharges such as
domestic sewage and some industrial wastes into coastal and estuarine waters. When RSB is
used outside the parameter range for which these experiments were conducted, it extrapolates
the results to obtain a solution and gives a warning that the answers are extrapolated.

The model can be thought of as a replacement for and a significant update of ULINE
(Muellenhoff et al., 1985). Whereas ULINE was based on experiments in unstratified
environments, RSB is based on experiments in stratified environments, and so is therefore more
reliable in this situation. Also, ULINE applies only to single line plumes whereas RSB is based
on experiments with multiport diffusers. It therefore includes the effects of port spacing and
source momentum flux, and is more realistic in that it includes discharges from both sides of
the diffuser.

DEFINITIONS

The definitions used in RSB in relation to the geometry of the initial mixing region are
shown in Figure 54 and described below. At the end of this region the dilution is called the
initial dilution and the wastefield is said to be established. The established wastefield then drifts
with the ocean currents and is diffused by oceanic turbulence.

K]

Established wastefieki 3

N @ LY L
le. X ol
I ! >

Initial mbdng region

Ilustr. 54. Definition of Wastefield Geometry.

In RSB this "initial mixing region" or "hydrodynamic mixing zone" is defined to end where
the self-induced turbulence collapses under the influence of the ambient stratification and initial
dilution reaches its limiting value. The length of the initial mixing region is denoted by x,. The
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geometrical wastefield characteristics (see Figure 53) at this point are thickness A, height to top
z, and height to level of maximum concentration (or minimum dilution) z,. The minimum initial
dilution S,, is defined as the smallest value of dilution (corresponding to maximum concentration)
observed in a vertical plane through the wastefield at the end of the initial mixing region.

MODEL BASIS

The initial mixing of wastewater discharged from a multiport diffuser depends on diffuser
design and receiving water characteristics. The diffuser can be characterized by fluxes of
volume, momentum, and buoyancy per unit diffuser length:

q=_Q_ m=uq b=g;q (19)

L

where Q is the total discharge, L the diffuser length, u; the jet exit velocity, and g, =
g(p. - p,)/p, is the reduced gravitational acceleration due, g is the acceleration due to gravity,
p, is the ambient density at the level of the ports and p, the effluent density. A linear density
stratification can be characterized by the buoyancy frequency, N, also referred to as the Brunt-
Vaisala frequency, usually expressed in units of sec™:

N - i(i kif_')m 20)
P, dz

We define three length scales:

I A T L R @1)
q m b N m b3

Note that these length scales are defined based on the rotal fluxes, rather than the flux from each
side of the diffuser. The geometrical characteristics defined in Figures 53 and 54 can then be
expressed as:

2, h,, z, =f(@b,m,s,uN,0) (22)

e?

Which, by means of dimensional analysis, becomes:

< E)f::f[i"l’ i’ F) e] (23)
lb lb

(2]

7 LT,

Where F = 1’/b is a dynamic variable which is a type of Froude number. In Equation 5, the
effect of the source volume flux ¢ is neglected as an independent variable. This is because /),
is usually much less than one and therefore has little dynamic effect except very near to the
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ports. The corresponding normalized expression for dilution is:

5N _clhos pog @4)
b3 lb’ Ib’

where §,, is the minimum initial dilution, as previously defined. An average dilution §, is
computed as 1.15 S, based on hydraulic model tests by Roberts (1989).

The two length scale ratios /,/l, and s/, are diffuser parameters which characterize the
significance of source momentum flux and port spacing respectively. Note that these length
scale ratios encompass the jet exit velocity, port diameter, port spacing, effluent density, and
ambient stratification. Based on consideration of actual operating conditions, the range of
experiments was chosen to be 0.31 < s/, < 1.92 and 0.078 < [,/l, < 0.5. Fors/l, < 0.3
and [,/l, < 0.2, the discharge approximates a line plume, i.e. the individual plumes rapidly
merge and the effect of source momentum flux is negligible, many ocean outfalls operate in the
regime in which momentum is negligible (Roberts et al., 1989a). Therefore the range of
diffuser parameters can be considered to be s/l, < 1.92 and [/, < 0.5

A more important parameter is F, which characterizes the importance of the current speed
relative to the buoyancy flux of the source. Small values of F signify little effect of current;
according to Roberts et al. (1989a) the current exerts no effect on dilution if F < 0.1. Larger
values of F denote situations where the plumes are rapidly swept downstream by the current;
dilutions are always increased by increased current speeds, although not always at the regulatory
(critical) mixing zone boundary, as shown in Figure 5. (See Figures 4 and 6 in Roberts,
Snyder, and Baumgartner, 1989a for photographs of plumes at various Froude numbers, F).
The tests were run at differing current speeds to obtain F = /b in the range 0 (zero current

speed) to 100.

The effect of the current also depends on the direction of the current relative to the diffuser
©. For a line diffuser 0 < © < 90°. Tests were run with © = 90° (diffuser oriented
perpendicular to the current), 45°, and 0° (parallel to the current). In general, diffusers oriented
perpendicular to the current result in highest initial dilutions and lowest rise heights.

MODEL DESCRIPTION

Results for wastefield geometry and initial dilution were presented graphically (Figures 8,
10-12 of Roberts et al. 1989a) in the dimensionless form of Equations 5 and 6 for line plume
conditions (s/l, < 0.3 and /,/], < 0.2). Results to predict the length of the initial mixing zone
x; are in Figures 4 and 8 of Roberts et al., 1989b. For higher port spacings and higher
momentum fluxes the results are given in Figures S and 6, and 7 and 8 of Roberts et al., 1989c.

For some of these results, semi-empirical equations are given. These equations are semi-
empirical because they are physically based, but the coefficients must be obtained from the
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experiments. Examples are the dilution and rise height of line plumes in perpendicular currents
(Equations 14 and 17 of Roberts et al., 1989a):

S gN
n9Y L 219Fw_0s52 Z

p23 l—b

= 2.5F"¢ (25)

In other cases, for example, high momentum jets in a parallel current, only graphical solutions
are available. In these cases, purely empirical equations are fitted to the curves, and the results
interpolated as appropriate. RSB can therefore be thought of as a coding of the graphs and
equations in the original papers. For linear stratifications, the model should give exactly the
same results as obtaining the solution graphically. ‘

For non-linear stratifications, RSB assumes that the density profile is linearized over the
rise height. In RSB, the solution procedure is iterative, solving automatically for the rise height
z,.This method, which is similar to that used by Brooks (1973) is shown in Figure 55. As
discussed later, this approximation works very well, even for very non-linear stratifications. In
fact, this is a conservative assumption, as linear stratifications lead to less rapid spreading,
thinner wastefield, less subsequent mixing, and therefore less dilution than in a wastefield at the
same rise height in a non-linear stratification (Roberts, 1992).

EXAMPLES
Introduction

RSB can be run either as a standalone program or from PLUMES. When run in standalone
mode, RSB uses the same UDF input file format as previous EPA models (Muellenhoff et al.,
1985). This file can created using the “YU command in PLUMES, with any ASCII text-editor,
or interactively by following prompts within RSB. Note, however, that RSB assumes
discharges from both sides of the diffuser, whereas the original EPA models implicitly assume
discharge only from one side of the diffuser, so the data may be different for different models.
In UM this requirement is accomodateed by running the cross-diffuser merging configuration,
i.e. by specifying half spacing between ports. For example, if ports are staggered every two
meters with adjacent ports on one side of the diffuser four meters apart, then the appropriate
spacing is two meters. Whether the model is run standalone or from PLUMES, the solution
procedure is the same, so the results should be practically identical.

Recommendations on usage are given in Appendix 3. The ambient density must be stable,
i.e. density must not decrease downwards, however, under some sircumstances RSB will
produce valid results if intermediate levels are specified as unstable due to the method used in
RSB to calculate a linear gradient. The total number of ports n and spacing s are inputted
to determine the diffuser length L which is then used to compute q and the length scales.
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L=s{2-1 (26)
2 .
Seattle Example: Linear Stratification - Zero Current

The following example follows that given in Roberts et al., 1989a,b,c. The parameters are
taken from the Metropolitan Seattle outfall discharging into Puget Sound (Fischer et al., 1979):

Design average flow, Q = 194 ft}/s (5.49 m?%/s)
Number of ports = 202
Port spacing (on each side of the diffuser), s = 6 ft (1.83 m)

! o Port diameters, d = 4.5 to 5.75 inches (0.114 to 0.146 m)
Assume d = 5.0 inches (0.127 m)

Effluent density, p, = 1.000 g/cm®

The port depth is about 70 m, and density stratifications at nearby Alki Point vary
c between 0.002 and 0.025 o.-units per meter. Taking the strongest stratification (0.025
o-units per meter) yields, for example, a density of 1.02425 g/cn?® at the surface and
1.02600 g/cm® at 70 m depth. The pipe diameter is 96 inches (2.44 m) so the port

elevation is 1.22 m and the total depth is set at 71.22 m.

The input and output files of the original RSB (Basic) model for zero current are shown in
Figure 55. The computed length scales ratios are s//, = 0.14 and /,/I, = 0.13 which suggests
no effect of the source momentum flux and port spacing so we expect the behavior of this
discharge to approximate a line plume. The predicted minimum initial dilution §,, for this case
is 80, and rise height z, is 32.9 m. No farfield calculation is provided.

The corresponding PLUMES RSB and UM runs are given in Figure 56 without farfield
calculations. Notice the close agreement between Basic RSB and PLUMES RSB; maximum
difference are less than one percent. Also, notice the approximate agreement between the
models, e.g. average dilutions of 92 and 82 for RSB and UM respectively. In the remainder
of this chapter only the PLUMES RSB runs will be displayed. The corresponding UM run is
given in Figure 57.

The Basic RSB program is not bundled with the plumes package.
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Input file:

Seattle Example

5.490 202 0.127 0.00 70.0
0.000 90.000 1.830

2 1.0000 0

0.00 1.02425 0.0 0.000

70.00 1.02600 0.0 0.000

Output file:
Input data:

Seattle Example

Flowrate = 5.49 m3/s
Effluent density = 1 g/cm3
Number of ports = 202

Port diameter = .127 m; Port spacing = 1.83 m
Discharge depth = 70 m
Current speed = 0 m/s; Angle of current to diffuser = 90 degrees

Computed diffuser length = 183.0 m

Density profile:

Depth (m) Density (g/cm3)
0.0 1.02425
70.0 1.02600
Results:

Lengthscale ratios are: s/lb = 0.14, 1lm/lb = 0.13
Froude number, u3/b = 0.00; Jet Froude number, Fj = 12.1
Rise height to top of wastefield, ze = 32.9 m

Wastefield submergence below surface = 37.1 m

Tlustr. §5. Input and output of the original RSB program (Roberts, 1991).
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24150
jet-strat

3.952

5.49 m3/s,
Irange
Help: F1l.

Jun 28, 1992, 11:23:13 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 1 of]
8
Title Seattle Example
tot flow # ports port flow spacing effl sal effl temp far inc far]
dis
202 0.9144
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq
70 0.127 0.1270 2.145 0.000 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude #
Roberts F
1 0.0 1.0 0 100 0 11.92
1.833E-14
hor angle red space p amb den p current far dif far vel K:vel/cur]
Stratif #
90 0.9144 26.000.00001000 0.000453 214500
0.0001221
depth current density salinity temp amb conc N (freq) red
grav.
0.0 le-5 24.25 o 0.01546
0.2550
70 le-5 26.00 0 buoy flux
uff-ther
f 0.006930
36.61
jet-plume
jet-cross
1.425

CORMIX1 flow category algorithm is turned off.

plu-crossg]
6.930E+12
plu-strat
6.581

CL conc>=

125.3 MGD, 193.9 cfs. >0.0 to 100 m3/9

Quit: <esc>. Configuration:ATNOO. FILE: rsbeg.var;

RSB

Written by Philip J. W. Roberts (12/12/89)

Ilustr. 56. PLUMES RSB run for Seattle example.
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Seattle Example: Linear Stratification - Flowing Current

Consider now an ambient flowing current of 0.30 m/s perpendicular to the dxffuser The
new input and output data files are shown in Figure 57.

The minimum dilution is now increased by the current to 181, and the rise height (to the
top of the wastefield) reduced from 32.9 m to 26.5 m. This process can be continued for other
current speeds to generate the results shown as Table 2 in Roberts et al., 1989a. Note that
numbers may differ slightly from this table due to slightly differing interpolation procedures.

Jun 28, 1992, 11:27:44 ERL-NPROGRAPFLUMESJuly 1, 1992 Case: J3of 8
Title Seattle Example; with current

tot flow # ports port flow spacing effi sal effl temp far inc far dis
202 0.02718 0.9144

port dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq

70 0.127 0.1270 2.145 2.145 0.000 0.10 500
port elev ver angle cont coef effl den poll conc decay Froude # Roberts F
1 0.0 1.0 0 100 11.92 0.4948
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif #
90 0.9144 26.00 0.3000 0.000453 7.152 0.0001221
depth  current density  salinity temp amb conc N (freq) red grav.
0.0 0.3 24.25 0 0.01546 0.2550
70 0.3 26.00 0 buoy flux puff-ther

0.006930 1.178
jet-plume jet-cross
1.425 0.8049
plucross jet-strat
0.2567 3.952
plu-strat
6.581
hor dis>=

CORMIXflow category algorithm is turned off.

5.49 m3/s, 125.3 MGD,193.9 cfs. >0.0to 100 m3/s range
Help: Fl. Quit: <esc>. Configuration:ATNOOQ. FILE: rsbeg.var;

Case: 3: Seattle Example; with current

Lengthscale ratios are: s/lb = 0.14 lm/Ib = 0.13

Froude number, u3/b = 3.62

Jet Froude number, Fj = 12.1

Rise height to top of wastefield, ze = 26.5

Wastefield submergence below surface = 43.5

Wastefield thickness, he = 215 m

Height to level of cmax, zm = 174 m

Length of initial mixing region, xi = 164.9 m ANOO1AAA.USSD

Ilustr. §7. RSB Seattle example, with current. ANOO1AAA . USSS[Sorry: Run WPS]
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Seattle Example: Model Extrapolation

This example illustrates the effect of running RSB outside the range of values on which
it is based. The port diameter is reduced to 60 mm (0.06 m); the new data files are shown in
Figure 58.

In this case the decrease in nozzle size causes an increase in nozzle exit velocity and an
increase in momentum flux. The length scale ratio /,/I, becomes equal to 0.60, which exceeds
the experimental range. Note that RSB still gives answers in these situations and gives a
warning message that the predicted results are extrapolated and therefore may be unreliable; the
interpretation of these results is at the discretion of the model user. The primary predicted effect
of the increased momentum flux is a decrease in rise height; the dilution is unchanged. The
reasons for this type of behavior are discussed in Roberts et al., 1989c.

104




¢

The Roberts, Snyder, Baumgartner model: RSB

Jun 28, 1992, 11:28:14 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 4 of
8
Title Seattle Example; extrapolated
tot flow # ports port flow spacing effl sal effl temp far inc far
dis
202 0.02718 0.9144
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print
frq
70 0.06 0.06000 9.612 9.612 0.000 0.10
500
port elev ver angle cont coef effl den poll conc decay Froude ﬂ
[Roberts P
1 0.0 1.0 0 100 77.71
8.658E~15
hor angle red space p amb den p current far dif far vel K:vel/cur
Istratif #
90 0.9144 26.000.00001000 0.000453
9612000.00005769
depth current density salinity temp amb conc N (freq) red
grav.
0.0 le-5 24.25 0 0.01546
0.2550 '
70 le-5 26.00 0 buoy flux
puf f-ther
0.006930
99.49
jet-plumej
jet-cross
4.390
51110
plu-crossj
jet-strat
6.930E+12
5.750
plu-strat
6.581
hor dis>=
«... RSB ...

Tlustr. 58. Seattle example, reduced port size, RSB model extrapolation.
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. Seattle Example: Non-Linear Stratification

In this example the non-linear ambient density profile shown in Figure 59 is used. The
density profile is the one used in the Boston Harbor Diffuser model tests. It consists of a
uniform, well-mixed surface layer about 8 m thick, followed by a sharp change in density
through the thermocline, which is about 13 m thick, then a uniform density down to the bottom.
The port depth in this case is 31.3 m below the water surface. The diffuser of the Seattle
example is used and the new data files are given in Figure 60.

Water surface
(._

0
8
10+

th
g";‘ 18-
20 1
”.

80 1

«— Port depth o

|

N

1.020

1.021

1022 1023 1024 1025 1.028
Denslty (g/cc)

llustr. 58. Density Profile used in Non-Linear Example.

RSB predicts a rise height of 17.4 m, which is in the pycnocline. The solution procedure,
which is transparent to the user, is to linearize the density profile over this 17.4 m.
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Jun 28, 1992, 11:29:16 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 6 of]
8
Title Seattle example; Boston density profile

tot flow # ports port flow spacing effl sal effl temp far inc far
dis

202 0.02718 0.9144
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print]

frq
31.3 0.127 0.1270 2.145 2.145 0.000 0.10

500
port elev ver angle cont coef effl den poll conc decay Froude J
Roberts F
1 0] 1 0 100 0 12.11
1.891E-14
hor angle red space p amb den p current far dif far vel K:vel/cur
Stratif #
90 0.9144 25.200.00001000 0.000453 214500
0.0006118
depth current density salinity temp amb conc N (freq) red
grav.
0.0 le-5 21.4 ) 0.03408
0.2471
5 le-5 21.4 0 buoy flux
uff-ther
7.3 le-5 21.5 0 0.006717
36.99
10 le-5 22.2 0 jet-plum
jet-cross
15 le-5 24.2 o 1.448
24150
17.3 le-5 24.9 0 plu-cross|
jet-strat
20 le-5 25.1 0 6.717E+12
2.662
25 le-5 25.2 0 plu-strat
35 le-5 25:2 0 3,609

Ilustr. 59. Seattle example, non-linear density profile.
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Mutltiport Risers Example

Many outfalls with multiport risers are now operating (San Francisco and Sydney), under
construction (Boston), or proposed (Hong Kong). Except for San Francisco, these are tunneled
outfalls for which the cost of the risers is very high, of the order of several million dollars each.
It is therefore necessary to minimize the number of risers without unduly impairing dilution.
This is different from a pipe diffuser in which, for a given diffuser length, the number of ports
in the pipe wall and their spacing is not a significant cost consideration.

The following example is for the Boston outfall. This is a convenient example as
experimental results from the hydraulic model tests done for this diffuser are available (Roberts,
1989). The example also illustrates the effects of non-linear stratifications.

The basic assumption is that the behavior of the wastefield is the same as if the ports were
uniformly distributed along both sides of the diffuser, rather than clustered in multiport risers.
This was originally demonstrated by Isaacson et al. (1978, 1983) to be a good assumption for
certain limited conditions. The caveat to this assumption is that entraining water must be
available to the plumes. This implies that not more than 8 ports per riser be used, otherwise the
flow collapses to a rising ring with reduced dilution.

The following examples are of the final design, which has 55 risers spaced a distance of 122
ft (37.2 m) apart. Each riser has 8 ports with nominal diameters of 6.2 inches (0.157 m).
Tested flowrates were 390 mgd (17.08 m%/s), 620 mgd (27.16 m’/s), and 1270 mgd (55.63
m%/s). If the ports were uniformly distributed along the diffuser, the port spacing s would be
122/4 = 30.5 ft (9.30 m). A typical data file for 390 mgd, zero current speed, with a density
profile as shown in Figure 59 (this is referred to as the Late Summer Profile in Roberts, 1989),

Table IV. Measured and predicted wastefield characteristics for Boston Harbor Outfall.

Current Flowrate, Minimum initial Rise height to top of Woastefield
speed Q (mgd) dilution, S, wastefield, z, (m) thickness, A, {m)
cm/

(cmis) Measure | Predicted Measure | Predicted Measure Predicte

d d d d
0 390 81 67 16.3 17.1 7.5 12.8
25 390 223 215 16.3 15.8 14.5 14.1
0 620 70 59 17.8 16.9 10.5 12.7
0 1270 56 46 17.8 16.9 14.5 12.7
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is given in Figure 61.

The Roberts, Snyder, Baumgartner model: RSB

Table IV gives more comparisons between measured and predicted
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Ilustr. 60. Boston example, multiport risers; RSB and UM simulations.

It can be seen that, despite the very large difference between the conditions on which RSB is
based (paired ports, linear stratification) and the Boston tests (ports clustered 8 per riser, very
non-linear stratification), the predictions are very good. Dilutions are generally underestimated,
i.e. the model is conservative. This is most probably due to the additional mixing which occurs
in the horizontally spreading layer in the non-linear profile compared to that in the linear profile.
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DESIGN APPLICATIONS

RSB is a useful tool for the design of outfall diffusers. Time can be saved when doing this
by keeping in mind the following guidelines:

The most important parameter for an ocean outfall diffuser for a fairly large flow is the
length L. This can be chosen first, and the details, i.e. port spacing and diameter chosen
later.

The flow approximates a line source for s/l, < 0.3. At this point the dilution is a
maximum (for fixed diffuser length) and adding more ports so that the spacing is less will
have no effect on dilution or rise height. Also, there is little point in making the port
diameter smaller than the value which results in [ /], = 0.2, as this will result in
increased headlosses. The only constraints are internal hydraulics (which may be
complex for tunneled outfalls) and that the ports flow full, i.e. F; > 1.

Momentum only affects dilution when I,/I, > 0.2. Therefore decreasing the port
diameter to increase momentum will only affect dilution if it results in 7 /I, > 0.2. Even
then the primary effect on the wastefield is reduced rise height (in a linear stratification),
and dilution is only slightly affected.
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UM MODEL THEORY

PERSPECTIVE

UM is the latest in a line of Lagrangian models developed originally for atmospheric and
freshwater applications by Winiarski and Frick (1976) and for marine applications by Teeter and
Baumgartner (1979). The marine version, known as OUTPLM, became the basis of the
MERGE model (Frick, 1980). Both underwent modifications to become the UOUTPLM and
UMERGE models (Muellenhoff et al., 1985). Since 1985 the UMERGE model has been further
generalized and enhanced; including treatments of negatively buoyant plumes and background
pollution. These improvements are included in UM. Other active research focusing on the
generalization to three dimensions and to geothermal applications continues (Frick, Baumgartner,
and Fox, in prep.).

The UM line of models contains two distinguishing features: the Lagrangian formulation and
the projected area entrainment (PAE) hypothesis. The Lagrangian formulation offers
comparative simplicity that is useful in developing the PAE. In addition, the traditional Taylor
entrainment hypothesis (Morton, Taylor, and Turner, 1956) is also used.

The projected area entrainment hypothesis is a statement of forced entrainment -- the rate at
which mass is incorporated into the plume due to the presence of current. It is not original, as
it was described in conceptual terms at least as early as 1960 (Rawn, Bowerman, and Brooks)
and is frequently used in incomplete form (e.g. Hoult, Fay, and Forney, 1969) as demonstrated
by Frick (1984).

It is not in the scope of this work to present extensive verification of the UM model,
however, Figures 1 and 2 give an indication of the general quality of prediction. In Figure 2
the densimetric Froude number of the effluent is given by F;: a measure of the ratio of
momentum to buoyancy in the plume, with large Froude numbers indicating relatively high
momentum and smail Froude numbers indicating strong buoyancy. The ratio of efflux velocity
to current is given by &; a high value indicates a relatively strong effluent velocity or low current

speed.

The efficacy of the PAE hypothesis has recently been demonstrated independently by Lee and
Cheung (1990) who adapt the approach to three dimensions in a model called JETLAG and show
that Lagrangian plume models using PAE predict the correct asymptotic behavior in a number
of limiting conditions.

The Lagrangian model and its entrainment hypotheses are described below in some detail.
To understand the model it is necessary to first have an appreciation of the basic model building
block -- the plume element. On that basis, the plume element dynamics, conservation principles,
entrainment, and merging are more easily understood. Simultaneously, a detailed mathematical
description of the model is given.
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Ilustr. 61. UM centerline and boundary predictions in stagnant ambient compared to Fan
(1967). (a) Jet No. 10, (b) Jet No. 16, (c) Jet No. 22, unstratified, and (d) Jet No. 32.

BASIC LAGRANGIAN PLUME PHYSICS
The Plume Element

The shape of the element is very important because it determines the projected area, to which
forced entrainment is directly proportional, at least in the initial dilution region. In the present
UM model we use a proportionality constant of 1. This entrainment and the contribution from
Taylor entrainment determines the growth of the element and plays a key role in the dynamics
of the element center-of-mass -- the particle.

In terms of the dynamics of the plume element, shown at three stages of development in
Figure 63, simple models like the Lagrangian or Eulerian integral flux models provide only an
estimate of the element trajectory, i.e., s, the path of the center-of-mass of the plume element.
It is shown as a solid line passing through the centers of the elements as if all the mass of the
plume element were concentrated there.

In Lagrangian and similar integral flux models, that is the only dynamic variable thai is
predicted by the plume model. Everything else must be inferred or assumed. The shape of the
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Tustr. €. UM predictions in flowing ambient compared to Fan (1967). (a) F,=10, k=8,
M) F;=20, k=12, (d) F,=40, k=16, and (d) F,=80, k=16.

element is established arbitrarily before the growth of the particle can be determined. In other
words, the modeler determines how the shape of the plume is specified. Normally, a particular
interpretation of the round plume assumption is used to establish the distribution of mass about
the trajectory of the plume element; it holds that the plume element is basically cylindrical in
shape,

Instead if it is assumed that the element is defined by a smooth surface on the exterior of
the plume and by interior planes, or faces, that are perpendicular to the particle trajectory, and
that if the plume trajectory is curved, as it generally is, then this definition results in an element
that is not cylindrical but has the shape of a section of bent cone. Because the length of the
element along the trajectory must be small for mathematical reasons, it is better to conceive of
the element as a thin round wedge with a blunt or sharp edge. This is the element form assumed
in UM. A sharp edge occurs when plume trajectory radius of curvature is smaller than the
plume radius, causing the element faces to attempt to overlap, a physically impossible sitvation.

Secondly, the asymmetry in shape is not consistent with the general practice of
symmetrically constructing plume element radii in all directions. Instead, it is recognized,

though not considered here, that the plume trajectory represents the center-of-mass of the plume

element which is generally pot at the center of the circular cross-section.
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Nustr. 63. Plume trajectory, the element at three stages of development, and selected plume
variables.

The overlap condition in other models is not identified, or even recognized, and results in
the over-prediction of plume radius and entrainment, while UM issues a warning when this
happens and, in its the default mode, terminates the initial dilution computation.

The plume is assumed to be in steady state. In the Lagrangian formulation that implies that
successive elements follow the same trajectory. The plume envelope remains invariant while
elements moving through it change their shape and position with time. However, conditions can
change as long as they do so over time scales which are long compared to the time in which a
discharged element reaches the end of the initial dilution phase, usually maximum rise. The
steady state assumption is used to describe the length of the plume element as a function of the
instantaneous average velocity, its initial length, and the initial effluent velocity.

Thus, the length of the element does not, in general, remain constant but changes with time
due to the different velocities of the leading and trailing faces. It follows that the radius of the
element must respond to this velocity convergence or divergence, as well as to entrainment
because the fluid is practically incompressible, though incompressibility and the limiting

115




UM mode] theory
Boussinesq approximations (Spiegel and Veronis, 1960) are not incorporated in UM.

The exterior surface of the plume element coincides initially with the walls of the erifice from
which it issues (or the vena contracta diameter). By integrating from this known initial and
boundary condition the plume volume is calculated based on the entrained mass and the assumed
element shape.

It is assumed that the properties of the plume at the boundary are indistinguishable from
those in the adjacent ambient fluid. This has important implications, one being that drag is not
an important force in plume dynamics. It also implies that mass crosses the projected area of
the element at the speed of the ambient current.

Projected Area Entrainment (PAE) is a forced entrainment hypothesis that has been shown
to work in moderate current without the need for a tuned coefficient. In cases of no current or
light current the empirical Taylor entrainment hypothesis is needed as well. The Taylor
hypothesis is retained as an additive extra entrainment term which quickly diminishes in relative
importance as current increases. While the model cannot be proven to be “correct”, the fact that
the theory predicts observed behavior well over a range of conditions without empirical tuning
is not only desirable but persuasive.

Conservation Principles

The model includes statements of conservation of mass (continuity), momenta, and energy.
Conservation of mass states that the initial mass of the element and that added, or entrained,
over time is conserved. In modeling terms the element mass is incremented by the amount of
fluid that flows over the outside boundary of the plume element in a given amount of time. The
PAE guarantees that excessive or inadequate amounts of entrainment are not inadvertently
incorporated, i.e. entrained, into the plume.

Similarly, horizontal momentum is conserved. The horizontal momentum, the product of the
element mass and horizontal velocity, is increased by the horizontal momentum of the entrained
fluid in the same time step. Vertical momentum is not generally conserved but is altered by
buoyancy, a body force arising from the density difference between the element and the ambient
fluid.

Finally, energy is conserved, similarly incremented by adding an amount of energy equal to
the product of a constant specific heat, the entrained mass, and the ambient temperature. An
equation of state is used to obtain the densities of fresh and sea water in salinity and temperature
ranges that are representative of terrestrial and coastal waters.

Entrainment and Merging

Entrainment is the process by which the plume incorporates ambient material into itself. It
may be thought of as a process in which fluid flows into the plume interior through the exterior
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surface. Alternatively, it may be considered to be a process of accretion followed by the
redistribution of material. The former model is used here and is consistent with the projected
area entrainment hypothesis.

Several mechanisms of entrainment are considered: aspirated, forced, and turbulent, or eddy,
diffusion. Aspirated entrainment is shear (or Taylor) entrainment which is present even in the
absence of current. It is due to the fact that high velocity regions are regions of relative low
pressure which causes inflow of material into the plume. Thus the plume induces a flow field
in the surrounding ambient fluid. Forced entrainment is due to the presence of current that
advects mass into the plume. Diffusion is assumed to always be present but is only important
beyond the zone of initial dilution. It becomes dominant after the other two entrainment
mechanism die off due to the steady reduction in shear between the plume and the ambient. The
transition separates the near-field from the farfield. Strictly speaking, the latter dilution is not
a part of the UM theory because UM is still primarily a near-field model. Instead, farfield
diffusion is parameterized by the 4/3 power law attributed to Brooks (Tetra Tech, 1982) and
others.

Entrainment through the projected area of the plume is composed of three terms. The first
term is proportional to the length along the trajectory (the cylinder component), the second to
the growth in diameter of the plume, and the third to the curvature of the plume trajectory that
opens or closes area on the element surface. All are simply mathematical parts of the overall
projected area that contribute to forced entrainment. A fourth term, encompassing the entire
peripheral area, accounts for aspiration entrainment.

When adjacent plumes grow sufficiently they begin to merge and entrain each other.
Merging of plumes has the immediate effect of reducing entrainment by reducing the contact
area between the plume and its environs. Each of the four entrainment terms is decremented
to a different degree as merging proceeds. In essence, merging simply necessitates some
geometric corrections. Surface and bottom effects as demonstrated by Wood (1990), or Coanda
attachment (Akar and Jirka, 1990), are not modeled.

Only the merging of adjacent plumes discharging from linear diffusers (pipes) are considered
here. This simplification helps to reduce the problem to two dimensions. Diffusers are assumed
to be long so that end effects can be ignored and unbalanced internal diffusion is neglected.

Variations in the angle between the diffuser and the current are accommodated by
mathematically reducing the spacing distance between adjacent ports by the appropriate
trigonometric factor. Currents between 90 and 45 degrees may be handled in this way and lead
to reductions of entrainment in agreement with measurements made by Roberts (1977).
PLUMES provides a way of facilitating the appropriate conversions.

Typically diffusers are perforated on both sides. In a current the upstream plumes will then

frequently merge with downstream plumes. This cross-diffuser merging is not simulated
explicitly. In UM there are three ways to estimate the reduction in dilution due to cross-diffuser
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merging. The simplest way is to reduce the spacing between ports by a factor of two (i.e.
spacing is equal to the diffuser length divided by the total number of ports). This method is
justified by experience but it is not known with certainty how accurate it is. The effect may also
be estimated by specifying the "background® concentration generated by the upstream plume,
which results in the prediction of a reduced effective dilution. A third method involves doubling
the flow per port and increasing the diameter of the port to maintain approximately the same
densimetric Froude number. None of the methods account for the changes im density profile that
the upstream plume effects on the downstream plume.

MATHEMATICAL DEVELOPMENT
Basic Model Theory

With respect to the foregoing discussion, it is emphasized that the element in Figure 63 is
not cylindrical but is in general a section of a bent cone. The consequences of this fact cannot
be overstated because the shape of the element determines the projected area which in tumn
determines forced entrainment, frequently the dominant source of entrainment. In general, a
bent cone plume element has a projected area that differs substantially from the projected area
of a simple cylinder. Thus, the growth and curvature terms are required to accurately describe
the projected area of the plume element.

As has been stated, the principle of superposition allows the entrainment terms to be
described separately. The projected area entrainment hypothesis states that

dm
= - PAY 27

where dm is the incremental amount of mass entrained in the time increment dr, 4, is the
projected area, u is the ambient current speed normal to the projected area, and p, is the local
ambient density. This hypothesis, neglecting Taylor entrainment for a moment, makes it
possible to explain observed plume behavior in simple terms.

Equation 27 can be written in vector terms

dm
—d—t' = —p‘ ép.ﬂ (28)

where the underline notation is used to indicate a vector. 4, is a vector in a vertical plane
containing the current vector but pointing generally upstream (i.c. out of the element) and equal
in magnitude to the projected area. U is the average velocity of the ambient flow through the
projected area. The minus sign is due to the fact that 4, and U/ point in opposite directions so
that their dot product is intrinsically negative.
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To estimate the projected area it is necessary to express mathematically how the length of
the element, k, changes in response to changes in other plume properties. The reason k changes
is due to the differences in velocities of the leading and trailing faces of the element which
causes the faces to converge or diverge with time. Just how much depends on whether the local
current velocity is less than or greater than the element velocity. Changes in h result in changes
in the radius because mass is conserved. The effect is confirmed by dilution and radii data
tabulated by Fan, 1967.

Referring w Figure 64, A} Y| is seen
to be the difference in velocity at two
opposing faces of the semi-infinitesimal
element. (The velocity vectors are
proportional to the displacement vectors
shown. Also, in both Lagrangian and g-.;l:m.?:”
Eulerian formulations the element is in-
finitesimal only along the trajectory.
Thus it is a hybrid integrating volume
which must be treated differently from
truly infinitesimal volume elements.)
Since the Lagrangian formulation deals
with material elements and it is assumed dtsplacement
the velocity is uniform, the faces separate of trailing face
or converge in time, proportionally to
AlYY, e,

Ah = Al 8¢ 29)

Figure 64. Convergence of element faces due to
differences in face velocities.

where & is am arbitrary, but constant,

time increment. Integrating Equation 29 and noting that the corresponding speeds and lengths
are A|V,] and h,, and, A} ¥} and h respectively yields

I :dh - bt f:.‘du, (0

where u, = |V} and u,, = |Y¥,|. Equation 30 can be integrated to yield
h-h, = (u - u)bt @y
Finally, since & can be chosen to be h,/u,,

L. (32)
h u,

o

and |} Y| and A change propostionally.
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Plume Dymamics

It is comvenient to begin a discussion of the Lagrangian plume equations with the equation
of continuity, in other words, the entrainment equation. Equations 27 or 28 is a partial
expression for entrainment; it states that the amount of mass added to the clement in time dr is
equal to the total mass flux through the element surface. The complete entrainment equation is
a sum of the forced and Taylor entrainment terms

%’:— = -p A’._{l +pALv, 33)

where A is the area of the plume element in contact with the ambient fluid and v, is the Taylor
aspiration speed. Since A, wraps completely around the element it is not expressed as a vector.
vr is often related to an average plume velocity through a proportionality coefficient, a:

vy = alf G4

where |V} is the average, or top hat, plume element velocity (but in other formulations it could
be the centerline velocity with o scaled accordingly).

For plumes (jets with buoyancy) adequately described by a Gaussian profile (see a
subsequent section entitled "Average and Centerline Plume Properties®) a value of 0.082 is often
attached to a. However, this is based on a nominal plume boundary which encompasses only
the central portion of the plume. The corresponding value for jets in stagnant ambient is 0.057.
However, Frick (1984) makes arguments for a constant a. The conversion from nominal
Gaussian plumes to a "top hat", or average, description of the plume element yields
corresponding values of 0.116 and 0.081. According to Frick, the latter is underestimated so
that an average value for & of 0.1 is thought to be slightly conservative in terms of describing
aspiration entrainment.

Strictly speaking, the areas are infinitesimal areas which might be indicated with the
differential d prefix. This is because h is an infinitesimal distance. However, the model
equations are approximations in which small algebraic values substitute for infinitesimal ones.

Both eatrainment areas need further elaboration. The Taylor aspiration area in the absence
of merging, dynamic collapse, and element facial overlap (sharp trajectory curvature) is simply

A, = 2xbh G9

where b is the element radius. The reduction in this area due to merging is described in a later
section. Dynamic collapse (Frick et al., 1990) is not included in UM.
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Deriving the projected area is more difficult than deriving the Taylor entrainment area. A
derivation is presented, one that applies to three-dimensional flow.

Since the current, U, is a vector field it may be transformed into a useful coordinate system

\ h

Figure 65. The local coordinate system.

by well known rules of vector rotation. A particularly useful coordinate system is the local
coordinate system shown in Figure 65. The ambient velocity vector, i.e., the current, can be
expressed as the sum of components in each of the local coordinate system directions

U=ué +ué, +ué, 36)
where é,, é,, and é, are the unit vectors in the direction of the trajectory, the horizontal normal

to the trajectory, and in a vertical plane respectively. The vector é, can be expressed in terms
of the cross-product of &, and é,:

€ = &, x & a7

The unit vectors are derived by constructing a rotation matrix that transforms between the

_coordinate systems.

As far as each velocity component is concemed the corresponding projected areas are
particularly simple, see Figure 66. Again ignoring merging, collapse, and overlap, the projected
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area associated with u,, i.e., 4,, is simply an annulus that wraps around the plume
A = nbAb (38

where Ab is the difference between the radius of the leading and trailing faces of the plume
element. This is the "growth” contribution to the projected area (see Figure 66a). The
assumption is made that only the upstream portion of the area, half the circumference, has flow
going through it. The flow in the wake is altered and is assumed to flow parallel to the plume
surface.

The difference in radius over the length of the element is

a.
growth term
curvature
b. c. term
cylinder
term

Figure 66. The projected area entrainment components: a) the growth area, b) side view of
the element, and c) the cylinder and curvature area.
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ab = 3, 39)
as

where s is the distance along the centerline. The derivative is estimated from the difference in
radius in successive program steps divided by the distance traversed.

Each one of the velocity components u, and u; has two projected area terms associated with
it, one which is due to the curvature of the plume trajectory, the other simply being the
projection of a cylinder (see Figure 66b and 66¢ respectively). Since only the two-dimensional
problem is considered the u, component is ignored; its cylinder and curvature contributions are
due to current flowing into the side of the plume element caused by directional changes with
depth in the ambient flow.

The cylinder projected area is simply
A, = 2bh 40)

The change in direction of the average plume element velocity, V, which is parallel to é,,
over the length of the plume element h, in other words the curvature of the centerline s,
produces the "curvature” component to the projected area. Since the faces defining the element
are normal to s, in regions of strong trajectory curvature the element is deformed into a wedge

shape. A depiction is given in Figure 67.
The curvature component of the projected area is

Au = -2 'Z:h @n

where 8 is the elevation angle of s. This area can be positive or negative depending of the sign
of 06/ds which is determined with reference to successive values of [J. A negative curvature
and area has the effect of reducing the total projected area.

Historically the growth and curvature terms have either not been recognized or have been
thought to be small compared to the cylinder term (Schatzmann, 1979). However, in general,
it can be shown that all three contributions to the total projected area are important. Any earlier
perceived inadequacies in the projected area entrainment hypothesis can be attributed to the
omission of the growth and curvature terms. Further details on this subject are available
elsewhere (Frick, Baumgartner, and Fox, in prep; Frick 1984).

Conservation of momentum is given by
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(a) (b)

negative
volume

Figure 67. a) The plume element in a region of weak trajectory curvature and b) strong
trajectory curvature (showing overlap).

dmy
dt

(p,-p)

< U ¢ @2

where m is the mass of the plume element (m = pxb’h), p, and p are the ambient and average
element densities respectively, and g is the gravity vector. U represents the average ambient
velocity over the exposed plume surface. This point is worth emphasizing since the surface area
is infinitesimal only along the centerline and can be extensive in the two dimensions orthogonal
to the centerline, over which, therefore, the ambient velocity can vary significantly. In UM it
is equal to the ambient velocity at the level of the particle, i.c., the center of the cross-section.

Equation 42 states that the change in momentum in the element is due to the amount of
momentum possessed by the entrained mass dm and the change in vertical momentum generated
by the buoyant force. The implicit assumption is that drag effects are absent. This is consistent
with the conception of the clement having the same properties as the ambient on the outside
surfaces of the element. Effectively, there are no shears that can generate drag.

Interactions with solid surfaces and the free interface are not included, in the model,
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however, the user is warned by UM about interactions with the surface and the bottom, assumed
1o be flat. In Muellenhoff et al. (1985) predicted dilutions were reduced by 10% when the sea
surface was encountered. Generally, plumes rise in a matter of minutes so that the Coriolis
force is safely ignored. However, very large plumes, like so-called hydrothermal mega-plumes,
are likely to be affected significantly by earth’s rotation.

To evaluate the buoyancy term in the conservation of momentum equation, it is necessary
to define the conservation of energy equation, approximated by

dme (T-T.) dm
_’T_,L =c,(T,- "I)? )

where ¢, is the specific heat at constant pressure. T, T, and T,, are the average element

temperature, the ambient temperature, and an arbitrary reference temperature, respectively.

More correctly, the terms in Equation 43 should be represented by integrals. However, it is

assumed that c, is constant over the range of interest permitting Equation 45 to be simplified,
dmT dm

=T “4
dt ~. dt )

In Equation 44 there are no source terms since radiation, conduction, and diffusion are -
assumed to be small. Like salinity, temperature is assumed to be a conservative property.

Several other relationships are necessary: Conservation of salinity

ams o dm 5)
& v

where § and S, are the average element salinity and the ambient salinity respectively. The
symbol for ambient salinity should not be confused with average dilution of the plume.

Conservative pollutants would be expressed similarly, however, since important pollutants,
such as coliform, are subject to decay, a first order decay term is included.

dmy __ dm _ 46
x Yy "

where x and x, are the concentrations of the species of interest in the element and ambient
respectively and k is a first order decay constant.

The momentum equation includes the reduced gravity, ((p,-p)/p) g, which must be
determined. Densities are derived from the equation of state (SigmaT function) used by Teeter
and Baumgartner (1979). It is independent of pressure, limiting UM to shallow, by deep ocean
standards, water. It is also limited to ordinary temperatures.
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Boundary Conditions and Other Pertinent Relationships

To complete the model, the boundary and initial conditions must also be specified. The
main boundary condition is the location of the source from which the subsequent position of the
clement may be determined by integrating the trivial relationship

dR
= = an
& 14

where R is the radius vector of the particle, i.c., the center of the element. To give an example
of how the equations are solved in a finite difference model, the new R is

R, =R +Ya “®

Another boundary condition is the initial plume radius. Initial conditions include the efflux
velocity, the effluent temperature, etc..

Several other auxiliary equations are necessary. They include linear interpolations that
determine ambient conditions at the level of the particle. Also, because the Lagrangian plume
equations require a very small time step initially, but not later in the simulation, a method of
varying the size of the time step is used to control the relative amount of mass that is entrained
during any one single step. This is done in the interest of computational efficiency.

The general computational procedure followed in the model is: 1) a time step is provided
(guessed), 2) the entrainment equations are then used to determine the amount of mass that will
be added given this time step, 3) this increase is then compared with the target mass increase
and the appropriate adjustments are made to the time steps and the entrainment components to
meet the appropriate doubling criterion, 4) the equations of motion and other model equations
are solved, and 5) the new time step is established and the cycle is repeated.

It is important to recognize that some of the above equations are not always solved for the
quantity on the left hand side of the equal sign. In other words, the dependent variable may be
some other variable besides the one on the left hand side of the equal sign. For example
consider Equation 49 which expresses the mass of the element in terms of its dimensions and
the density:

m = pnb’h 49)
For modeling purposes the radius, b, is not an independent variable, rather it is a dependent
variable. Since mass is computed by integrating from its initial value using the entrainment, or

continuity, equation, it is effectively an independent variable in Equation 49. In other words,
Equation 49 must be inverted to solve for the radius. Thus
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Merging

The basic approach to handling plume merging is to 1) reduce the entrainment areas, both
Taylor and forced, to account for the loss of exposed surface area that occurs when neighboring
plumes intersect each other, and, 2) to confine the plume mass from each plume to the space
between them that is known to be available from symmetry considerations.

Considering Taylor entrainment first, the conditions of merging are depicted in Figure 68.

l' Reflection planes
L

Figure 68. Merging geometry and reflection planes.

It is seen that the uncorrected Taylor entrainment area can be multiplied by a factor equal to the
ratio of the exposed circumference to the total circumference to reduce it to the actual exposed
area. The side of the plume element that is longer and larger in area due to trajectory curvature
nearly compensates for the opposite side that is shorter and smaller.

The appropriate ratio of correction is
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4b2-13
$ = I &2) o
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where ¢ is defined in Figure 68 and L is the spacing between adjacent ports. The same
correction factor applies to the growth entrainment term.

While it is assumed that the current is perpendicular to the diffuser axis, the method may
be used for angles between 45 and 135 degrees (90 degrees being equivalent to a current
perpendicular to the diffuser) by multiplying L by the factor sin ¥ where ¥ is the angle between
U and the diffuser axis. This method is justified by measurements of dilution of merging plumes
(Roberts, 1977).

The correction factor for the cylinder projected area is simply

L
aq, = '2—b (£3)

Finally, the correction term for the curvature projected arca entrainment contribution is
o, =1-2, Ml )

Equations 49 and 50 must also be modified when merging occurs. As was pointed out in
the previous section, the mass of the plume element is obtained by knowing the initial mass and
integrating the entrainment equation. Given that the mass, average plume density, and element
length are known, the element volume can be determined. Upon merging, the transverse
dimension of the plume element (i.c. along &) is assumed to be limited to a maximum length
of L, the spacing distance. Effectively, a vertical plane half way between the ports acts as a wall
or reflecting plane. This technique is common in air pollution modeling (Tumer, 1970) where
a fictitious mirror source is used to estimated dispersion in the presence of an actual physical
barrier. With plume merging the sources are real. .

Thus, the volume of the plume element can be thought to be the product of & and the area
of a rounded rectangle, see Figure 69. This area is the quotient of the element volume and the
length which, after simplification, becomes
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Figure 69. Derivation of dimensions under merging: a) the merged element with volume
confined between reflection planes, and b) the corresponding unmerged element of equal
volume.

xb? = xB3(1 - 22) 4 2p%indcosd 55

where b, is the unmerged round element radius and b is now the radius of the element in the
vertical plane. In other words, b describes the plume element parallel to &, Solving for b

b xb )
= - 2¢ + 2sindcosd

the subscript 7+5¢ has been left off for simplicity. Since ¢ is larger than sin ¢ cos ¢, b is larger
than b,.

Average and Centerline Plume Properties

The previous discussion is in terms of average plume properties because average plume
properties are physically compatible with the average motion of the plume element. We do not
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expect that centerline buoyancy can accurately describe, via vertical acceleration, the plume
trajectory traced by the plume element as a whole. After all, the element is an entity which
stretches from one boundary with the ambient flow to the other, with widely varying properties
in between.

On the other hand, centerline concentrations are of greatest concern to eavironmentalists
because they have the greatest potential for causing adverse impacts to living organisms.
Fortunately, plumes are often found to possess predictable patterns of cross-sectional properties.
For example, plumes discharge into quiescent fluid tend to display the Gaussian profile, very
dilute at the edges and concentrated at the center.  However, the Gaussian profile is not very
compatible with the plume element described above because it extends to infinity whereas we
have described an element with definite boundaries. Consequently, another profile, the 3/2
power profile (Kannberg and Davis, 1976), which closely matches the Gaussian profile over the
concentrated portion of its range, is used to determine the centerline concentration as a function
of the average concentration, or dilution, that UM predicts.

The 372 power profile is expressed as

3
= |1-(5)32 57
® (1 (b)T

where ¢ is instantaneous scaling factor relating differences between the plume and the ambient
of an appropriate property, such as the concentration of some pollutant or velocity, b is the
plume radius, and r is the distance from the center of the plume to the point within the plume
at which & is measured.

The peak-to-mean ratio is simply the ratio of the centerline to the average concentration, it
is obtained from a flux integral. We start with the relationship for the average concentration

c fACvdA
- f‘vdA

where C,,, is equivalent to the average concentration obtained from UM, C and v are the
instantaneous concentration and velocity in the plume element, 4 is the cross-sectional area, and
dA is the cotresponding infinitesimal area. The peak-to-mean ratio is defined to be C../C,.,

C"‘“ = i-;l_f‘_vﬂ (59)
Cog f‘CvdA

(58)

where C,_, is the centerline concentration. This integrals in this quotient are not easy to solve
analytically and, therefore, are estimated numerically in UM.
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It is illuminating to define limiting values of the coefficient. When dilutions and currents
are large a simplification is possible. In this case the velocity can be considered constant and
can be factored from the integrals, giving

Cam le,i“_ (60)
Con f‘ca

Using this approximation and assuming the 3/2 power profile a peak-to-mean ratio of 3.89 is
found for round plumes. The corresponding ratio for a fully merged line plume is 2.22.
However, the ratios vary and in much of the plume the peak-to-mean ratios are considerably
smaller than these limiting values, in fact, near the source they often approach 1.0, depending
on the uniformity of the source.

Experimental Justification of the Projected Area Entrainment Hypothesis

In 1989, Roberts, Snyder, and Baumgartner published three papers in ASCE (1989a,b,c)
which measure and record the behavior of merging laboratory plumes in flowing, stratified
environments. Although they did not set out to do so, their findings directly corroborate PAE,
as shown below:

Start with Equation 13a of Roberts, Snyder, and Baumgartmer (1989a)
S_eN
20

= 1.08 F\¢ (61)

where S, is the centerline dilution in the plume, g is the diffuser volume flux per unit length,
b is the buoyancy flux per unit length (i.e. the product of the reduced gravitational acceleration
and the volume flux per unit length), F is a type of Froude number (&//b, where u is the current
speed), and N is the buoyancy (Brunt-Vaisala) frequency

N = (--£ 90y : 62)
&

and dp/dz is the ambient density gradient. Then add Equation 13b of same reference which
states
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% 1ssF 63)
I.

where z, is the rise above the port datum of the top of the fully merged wastefield and J, is a
buoyant leagth scale defined by RSBa Equation 4

5= x 649

Combiaing, noting that ¢ = Q/L, where L is the length of the diffuser and Q is the diffuser
total volume flux, and making the appropriate substitutions yields

s ..‘.ﬂiz'_" 65
" 18 Q

The quantity Lzu is, of course, just the flux through the projected area, which is the
integrated form of PAE! The coefficient is within the general range described in the previous
section.

This derivation proves, at least in an overall sense, that, given sufficiently great current,
initial dilution is given simply by the quotient of the flux through the projected area of the
wastefield divided by the source flux, multiplied by a constant factor. In lieu of convincing
evidence to the contrary, it is eminently reasonable to assume that such an integrated outcome
is the result of adding the individual projected area fluxes throughout the plume trajectory. In
other words, it is not reasonable to assume, a priori, that the plume entrains differentially over
its projected area, perhaps at twice the rate at one point and half the rate at another. Any such
deviations are thought to be due to the aspiration effect of the Taylor entrainment coefficient
which can be treated separately. In other words, the two entrainment mechanisms act
independently, are mathematically linear, and may be added.
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FARFIELD ALGORITHM

Farfield dispersion is estimated using the method of Brooks (Fischer, 1979). This method
is well established and relatively simple to implement. Two equations are used, onc for
estimating comcentrations in open coastal waters, large estuaries, and other lasge water bodies,
and another for channels, streams, and other confined systems.

The open water equation is given by, S

S = 5

15
4
3 !

erf (

1 +8K -1
( ww,)

where erf is the error function, S is the centerline dilution in the farfield plume, S, is the initial
dilution (at maximum rise, overlap, or other special condition), X is a dispersion coefficient, w
is the width of the plume field at the end of initial dilution, and ¢ is the time of travel from the
point of the ead of initial dilution to the point of interest.

The coafined water (riverine, small lakes) equation is given by

where the same definitions apply, but the dispersion coefficient may take on a different value.

In both Equations 66 and 67 the width, w, is the horizontal width of the wastefield measured
perpendicular to the current:

w=(N-l)s‘+2b (36)

where N is the number of ports, s is the effective spacing (spacing multiplied by siny), and b
is the radins of the plume at the end of initial dilution. Equaum&lsumplythephysnml
projection of the diffuser plus the additional growth of the plumes outside of this region. 1t is
an approxissation which does not account for the "attraction” of the plumes to each other or
other mechamisms which can affect the width of the wastefield, including upstream intrusion,

"Equations 66 and 67 only provide estimates of volume dilution, which is appropriate for
conservative pollutants (decay = 0) and unpolluted ambient receiving water. UM uses additional
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equations to estimate the effect of first order decay and ambient background concentrations. The
sequence in each time step is as follows.

First a distance (path), presumed to be along ambient streamlines, is established. It is
computed by adding the value in the [far inc] cell to the distance of the clement in the present
time step. If the sum is greater than the value found in the [far dis] cell then it is set to that
value, and eventually the program is terminated. The time clapsed in traversing the distance
between succesive values is found by solving the distance is equal to rate times time formula.
The total time is also incremented and Equations 66 and 67 may be solved. The incremental
mass gained by the element during the time step is determined by

Am = (S, ,, - S)m 37

where Am is the mass entrained during the time step and m,isﬂlepluri\eelenmt mass at the
port. The total pollutant in the element is given by
-5 (8

L m,e + Amye

where m, is the total mass of pollutant in the plume element, k is the first order decay constant,
X, is the local ambient pollutant concentration.

If the decay rate, &, is equal to zero then the exponentials in the above equation are unity.
In this case the ambient concentration may be constant. However, the pollutant in question is
not conservative but is present in the ambient water, then it is also subject to decay. Equation
70 states that the ambient concentration follows the same decay law as that in the plume. These
assumptions could impact the analysis of species such as coliform bacteria.

The final farfield calculation made during each time step determines the local average
pollutant concentration in the plume element:

7= % 39)
Sm,

where x with the bar is the average pollutant concentration in the element and x, is the pollutant
concentration in the effluent.

- The farfield algorithm is much simpler than the initial dilution part of UM. The quality of
the estimates should not, in general, be expected to be as high as the initial dilution model.
Consequently, if better methods for estimating the farfield concentration are available they
should be considered.
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8. APPENDIX 1: MODEL RECOMENDATIONS

APPENDIX 2:
(CHAPTER 1)

SUPPORT FOR TABLES I AND II

APPENDIX 1: MODEL RECOMMENDATIONS

JUSTIFICATION FOR USES OF PLUMES MODELS IN FRESH WATER

The title of this work "Dilution models for effluent discharges” signifies that this report
encompasses a broader scope than Muellenhoff et al. (1985) which addressed primarily ocean
discharges. The reasons are many but most importantly, users of Muellenhoff et al. (1985) often
applied the plume models to freshwater outfalls because experience showed that some of the
models, UMERGE included, worked well in that setting.

However, since 1985 the CORnell MIXing zone models (Hinton and Jirka, 1992),
CORMIX, have been developed, supported in part by EPA, for the express purpose of
addressing the problem of discharges to comparatively shallow, terrestrial freshwater systems.
CORMIX uses a classification scheme based on length scales, linking to it 2 number of formulae
and methods appropriate for each sub-category, and linking together separate plume behaviors
into an estimate of overall behavior, much like PLUMES links RSB and UM to a farfield
algorithm. This is done for a broad range of conditions, including single ports, merging plumes,
and surface discharges, covering many conditions encountered in practice.

In addition to this practical reason for addressing the freshwater uses of our models, there
are valid reasons for occasionally recommending them, even for those categories for which
CORMIX was expressly developed. Speed of analysis is one reason. Suppose, for example,
that it is to be established what percentage of time annually a plume surfaces. Say that this
estimate is to be based on available hourly data collected during a monitoring study. This may
require hundreds of simulations. As presently constituted, it may be unreasonable to expect an
applicant to do the analysis using CORMIX.

MODEL RECOMMENDATION TABLES
General Considerations

Recommendations for use of the models UM and RSB are based on the experience of the
authors who have contributed to the formulation of the models and the interface, PLUMES, and
have gained experience with the models in a large number of design and analysis applications.
Our experience with CORMIX is not as extensive, and we have not contributed directly to its
formulation. Furthermore, CORMIX is only recently available for multiport discharges and we
have seen few the results of its application to actual cases. Our recommendations for use of
CORMIX are somewhat tenuous and depend in part on the capabilities claimed by Dr. Gerhard
Jirka, one of the principal authors of the CORMIX system. In addition to the CORMIX
references we cited we have benefitted from his personal communications, although we are
responsible for the way we have chosen to use or not to use his comments, some of which are
given at the end of this appendix.
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given at the end of this appendix.

The basic responsibility for choice of a model lies with the user, especially in relation to
application for regulatory permits, which may carry important legal implications in addition to
professional responsibility. There are many models and other approaches than can be used o
estimate initial dilution that may be acceptable 10 regulatory agencies. By presenting the
following recommendations we do not claim that any others should not be used. In fact we
include ULINE (Muellenhoff et al., 1985) in the tables which follow (indicated by "L") based
on our experience and its close connection to RSB. We do not provide recommendations for
UPLUME and UOUTPLM because wherever they may have been used appropriately in the past
we now believe UM is used more effectively, even in the case where the regulatory agency
requires use of zero ambient current. We do not include UDKHDEN (Muellenhoff et al., 1985)
in our recommendations because we have not followed its use since 1985 and we believe Dr.
Lorin Davis has made improvements to his original model from which UDKHDEN was adapted.

In general we believe RSB (indicated by "R" or "r" in the following tables) is applicable o
:t least any case that matches closely with the experimental conditions used for its development.
“se Figure 2 of Roberts et al., 1983%9a as a guide: a complete list of experimental parameters is
.luded as Appendix 1 (Table 5) of Roberts et al., 1989c. Other cases in which the density
adient over the height of rise can be represented by a linear gradient may be effectively
wleled by RSB. Submerged pipelines with fairly closely spaced multiport risers may be
~xdeled by RSB (Roberts, 1989). Additional classifications for environmental and discharge
situations based on the scheme developed for CORMIX are shown in the tables of
recommendations. Lower case "r" is used in several types of situations to indicate the RSB
model might be useful in analyzing these cases.

The model UM (designated *U" in the following tables) is likewise useful for the typical
domestic sewage discharge conditions in coastal waters for which RSB was created, recognizing
that for UM the port spacing must be specified as a half that used for RSB. Multiport risers
may also be modeled with UM if the risers are close enough so that there is merging between
riser plumes. If not, UM may be used to analyze the merged plumes generated from each riser.
UM may also be used for freshwater discharges, providing unique capability in cases where the
maximum density temperature is encountered, owing to a robust and rigorously defined equation
of state. Vertical non-uniformities in current speed and direction, as well as non-uniform density
and ambient contaminant concentrations are handled directly by UM, although approximase
corrections can be made to RSB dilution predictions for vertically uniform ambiest
concentrations of contaminants. UM is well suited for very dense liquid or slurry discharges
because the model is not constrained by the Boussinesq approximations and in additions can
handle negatively buoyant flows. While not frequently encountered, UM is appropriate for
analysis of diffusers with ports only along one side. A lower case "u" is used to indicate where
UM is less useful, such as in the case of parallel currents and in shallow water discharges.
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Caveats

The recommendations given in the following tables are intended for general guidance
purposes and to emphasize the complementary capabilities of the RSB and UM models and the
CORMIX expert system. No attempt is made to define a rigorous classification system as
defined in CORMIX, which, between CORMIX 1, 2, and 3, classifies perhaps 90% of common
plume problems. The CORMIX classification system is made possible by adopting assumptions
which, while making it possible to analyze the majority of freshwater outfall problems
objectively, unfortunately either misanalyzes or excludes the remainder. Some of the latter are
important in certain regions of the country and/or under special circumstances. Hence, a more
flexible structure is needed, albeit one which must appeal 1o the user for help to assure that the
models are appropriately implemented. The user must be the ultimate judge of the applicability
of any given model under the circumstances at hand.

Description and Usage

Table V specifies the applicability of the CORMIX 1 (single port CORMIX) and UM models
to single port submerged discharge problems. Similarly, Table VI addresses multiport
submerged diffusers. General applicability is indicated by the placement in alphabetical order
of either a C for CORMIX1 or R, U, u, or r for RSB or UM. Because we are more
knowledgeable with our own models than with CORMIX, we indicate a general quality of our
models with an upper case letter, e.g. U, signifying that we think the model generally performs
well in this category, or lower case letter, e.g. u, suggesting that the user may wish, depending
on the sensitivity of the project and other considerations, to seek other models, like CORMIX,
if they applies.

An italicized C, i.e. C, for CORMIX conveys the fact that we are not experts in CORMIX
usage and do not feel justified in assigning a measure of quality it. We simply include it to
indicate the general domain of applicability of the CORMIX models, bearing in mind that the
importance of a particular category is not necessarily represented by the relative size of the box.
In its domain CORMIX can always be used in analysis and be accepted by the authors and
regulators, in review situations, providing that some special circumstances, some of which are
identified below, do not preempt such usage.

Each table classifies conditions and effluent types in an array in which the categories are not
exclusive, but rather assimilative. Guidance is derived from the tables by identifying the
appropriate effluent type and then examining the applicability ratings in that row. The row can
be likened to a chain in which each condition relevant to the problem is a link. The weakest link
determines the strength of the chain.

For example, with respect to Table V, if we have a deeply submerged outfall (i.e. boundary
conditions, BCs, are unimportant), discharging effluent which is moderately buoyant, into a lake
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which is stratified into two layers, with co-flowing current (directed in the same general
direction as the effluent), and no background pollution, decay, or upstream intrusion (the
presences of which would be indicated by UM with an overlap message), then both CORMIX
and UM would

be applicable. In this case, the chain would consist of the 1,2 stratification and 2-D current links
which show U’s in both instances and there are no weak links.

If the current were not co-flowing but directionally stratified, implying need for the 3-D
current link, then the UM link would be relatively weak, and, assuming as we do that all
CORMIX simulation modules use formulae and coefficients of uniformly high quality, CORMIX
would be the model of choice. On the other hand, going back 1o the original case, if
background pollution is present then the CORMIX chain contains a weak link.

It should be noted that CORMIX does not explicitly include background or decay in its
simulations accounting for the absence of a C in the corresponding table boxes. However,
calculations could be made separately 10 estimate the consequences of these effects on
predictions.

The meaning of the table columns and rows and other comments are given in the following
sections.

Single Port Diffuser Model Recommendations: Table V

Table V: Columns

Table V sub-divides the stratification column into three, one each for unstratified, singly or
doubly stratified, or multiply stratified water bodies. Length scale analysis may be used, as it
is in CORMIX, to define these categories more precisely. Whether layering is important
depends on the strength of stratification as well as the buoyancy flux of the source, however,
an unstratified system is one in which truly buoyant (non-nascent density) discharges reach the
surface, which can be established quickly simply by running UM. In stratified systems the
density varies with depth and the plume will trap (come to equilibrium) at some intermediate
depth.

For current, the 2-D sub-column is sestricted to effluents and conditions where the current
is either substantially co-flowing or counter-flowing, or, the current is sufficiently weak not to
affect trajectory plume direction significantly in the initial dilution region, i.e. before maximum
rise, overlap, or trapping. The latter condition, i.e. weak current, justifies the use of UM in
the example given in the CORMIX1 Comparison chapter (the fact that the analysis was
conservative further justifying its use). Three dimensional current (3-D) means there is a
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Tabla V. Single port discharge model recommendations.
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significant component of current perpendicular to the flow of the effluent or the current direction
varies with depth and significantly affects the trajectory.

The other sources, decay column indicates that there are significant levels of uniform
horizontally distributed background pollution (concentration) in the water body, or that there is
a nearby source which creates a localized background pollution field in the vicinity of the outfall,
and/or the pollutant in the effluent is subject to first order decay. Note, while the effect of
uniform horizontally distributed background is well simulated by UM, nearby sources may create
fields with large horizontal gradients which may make farfield estimates, especially, less robust.
For example, can the user establish that spatially separated plumes actually interact? Also note,
that UM assumes background fluid is entrained at the level of the center-of-mass of the plume
element so that pollution profiles may need to be adjusted to compensate for the effect of this
assumption. In other words, given a body of water stratified with high pollution near the surface
and low pollution near the bottom. Future versions of PLUMES will provide a method for
better estimating this effect.

The boundary conditions (BCs) column indicates that boundaries, bottom, surface, and/or
sides, play an important role in the plume problem. The concern here is that the models
appropriately limit entrainment due to the interference of the boundary. If side boundaries are
important then, assuming there are no missing links, CORMIX should be used exclusively.
However, if surface boundaries are important, then UM can generally be used up to the point
where it indicates the surface is hit. In general, the indication in UM that the bottom is hit is
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less important because the boitom is hit by the weakly entraining side of the plume. However,
for negatively buoyant plumes, the bottom boundary condition is as important as the surface
boundary condition is to truly buoyant plumes.

The intrusion column indicates that portions of the plume will flow upstream and form either
stable or unstable upstream protrusions. If an estimate of the length of the effect is wanted,
CORMIX is the only model to use, again assuming there are no missing links. However, in
estimating the dilution in the wastefield, UM will provide estimates, at the point where the
surface is hit, which are consistent with the amount of dilution water available for entrainment
due to current or aspiration and can be considered to be reliable. As in Muellenhoff et al.
(1985), the dilution could be reduced by ten percent to assure the analysis is conservative.

The final column, VSW or very shallow water, that is, water less than three plume
diameters deep, was built into UM o take advantage of its merging algorithm (reflection
technique) to estimate initial dilution in cases in which CORMIX provides no estimates, an
excluded category brought to our attention by one of our reviewers. It includes cases in which
the depth of water depth is less than three times the diameter of the port. UM can be applied
using the <shallow/surface Z> command. (Run the READIst.exe file for the latests
Jevelopments on this topic.) In such cases the surface or bottom are encountered almost
mmediately and no criterion is known 10 establish an appropriate beginning of the farfield. As
 result, widely varying estimates of plume spreading are given, depending on where the farfield
«one is initiated using the Pause cell capability in the Configuration menu for the farfield start.
Our recommendation is that the VSW capability be used only for screening purposes. If it needs
to be established that a migration path exists for various fish, then the solution giving the
greatest spread might be used as a conservative indicator of wastefield width. If maximum
concentration at a mixing zone are of concern, the solution giving the highest concentration
might be used.

Table V: Rows

The first three rows in Table V are self-explanatory. For additional background, CORMIX
manuals (Doneker and Jirka, 1990; Hinton and Jirka, 1992) are recommended and may be
consulted.

The nascent density row is important, even though the effect is not well known. At low
ambient temperatures, including freezing temperatures, the non-linearities in the equation of state
for fresh or low salinity water, particular in the O to approximately 10 C range, cause buoyant
plumes to become negatively buoyant as they cool by mixing. The effect, described in the first
chapter, is important in cold climate regions. As explained in the CORMIX example chapter,
existing versions of CORMIX do not address the problem, in fact, they misanalyze it.

_As was pointed out in the CORMIX Comparison chapter, the problem causes some models
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1o fail completely (one could say catastrophically), by predicting that the effluent will rise to the
surface instead of sinking to the bottom. The ramifications could be serious, causing, for
example, a monitoring program to be designed to study healthy surface biota whereas the benthic
communtity is actually affected.

Muttiport Outfall Model Recommendations: Table VI

Tabla VI. Model recommendations for multiport diffusers.
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Table VI: Columns and Rows

The multiport discharge model recommendations are given in Table VI. In general, the
same comments applying to Table V apply to Table VI as well. Notable differences are the
addition of the models RSB (denoted by R or r), ULINE (denoted by L or 1), and columns
for degree of merging and staged diffusers.

The current sub-columns have been changed to indicate the importance of diffuser alignment
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on plume behavior. Generally, cross-diffuser flow is from perpendicular to 45 degrees off
perpendicular, other cases falling in the parallel sub-column.

The merging column indicates the degree of merging, either partial or full. It is worth
noting that RSB is considered to be particulary appropriate to tunneled outfalls with multiport
risers.

With respect to the intrusion column, only CORMIX provides an estimate of the length of
of penetration upstream. However, in estimating the dilution in the wastefield, RSB and UM
will provide estimates. RSB, while not predicting the depth of penetration, is considered to be
especially applicable for making dilution estimates and provides other information lacking with
CORMIX. Again, UM predictions should be interpreted at the point where the surface is hit,
that dilution being consistent with the amount of dilution water available for entrainment due to
current or aspiration. Also, as in Muellenhoff et al. (1985), the dilution could be reduced by
ten percent to assure the analysis is conservative.

The “stage” column refers to staged diffusers, diffuser pipes with ports not perpendicular
to the diffuser axis. Such diffusers are staged to use the momentum in the effluent to carry
effluent farther from shore. Of the models under consideration, only CORMIX applies to this
diffuser configuration.

The Very Shallow Water (VSW) model is included for completeness. In this case the UM
model is only recommended for providing very conservative estimates of dilution, i.e. between
discharge and the plume hitting the bottom or the surface. The usefulness is very limited, being
useful only for closely spaced ports.

SURFACE DISCHARGES

Except for the very shallow water (VSW) category identified in Table V, CORMIX
(CORMIX3) is recommended for modeling surface discharges.

OTHER VIEWPOINTS AND RECOMMENDATIONS

Some of the review comments of the draft manuscript dissent from our interpretation of
modeling usage and warrant inclusion here. Gerhard Jirka, upon being solicited for his opinion,
indicated that UM was applicable to the following CORMIX flow classes:

Single ports: S1, S2, S3, $4, S5, V1, V2, V3, V5, HI, H2, H3, H4, NV1, NV2, NH1, NH2,
and NH4, provided they are not associated with an attachment suffix (A..).

Mqllippon diffusers: MS1, MS2, MS3, MS4, MS5, MS6, MS7, MS8, MU1V, MUIH, and
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MNU2.
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APPENDIX 2: SUPPORT FOR TABLES I AND II (CHAPTER 1) 2.146 5.746 11.61 274.5 1.998 17.06
: 2.062 3.696 13.45% 311.2 1.956 18.25
2.056 3.526 13.62 314.3 1.953 18.35< surface hit
Far-field calculations based on Brooks (1960), see guide for details:
H Far-field dispersion based on wastefield width of 1004m
TABLE 1 : TSD Eq. VI.20 —===rEq. VI 2)lww~=om
Time distance avg conc dilution avg comc dilution
sec hrs m
Input and Output for Case 1 232.9 0.1 30.00 1.952 315.1 1.982 5.1
832.9 0.2 60.00 1.953 314.7 1.952 315.4
Apr 3, 1992, 10:20:10 ERL-N Model PLUMES, Feb 19, 1992 Case 1 of 1433 0.4 90.00 1.953 314.5 1.952 31s.6
0 ‘ ’ ’ set 1633 o.s 100.0 1.953 314.5 1.951 31s.8
Title EXAMPLE 1, S5 CM/SEC
tot flow ¢ ports port flow spacing salinity temp far inc far dis
4.381 100 0.041381 10 15 30 100 ;
plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq H
29.87 0.1524 0.1446 2.669 2.669 0.000 0.10 150 :
port elev ver angle cont coef plume den poll conc decay Froude # Roberts
F
0.6096 0.0 0.9 -0.8363 100 1.157E-08 14.13 0.001673
hor angle eff spacg amb den current far dif far val X:vel/cur Stratif
#
90 10.000 24.28 0.05000 0.000453 0.05 5$3.370.00003593
depth current density salinity temp amb conc N (freq) red grav.
0.0 0.05 24.10 32 13 1.6 0.007731 0.2466
30.48 0.05 24.29 32 12 1.6 buoy flux puff-ther

0.01080 2.9136
jet-plume jet-cross
1.924 6.838
Plu-cross jet-strat
86.41 6.650
plu-strat

12.36

hor dis>=

CORMIZ-1 (single port) flow: h3; no bottom attachment. Use CORMIX (DJB)

degC, degFr -2.0 to S0 deg C range
Help: Fl. gQuit: <esc>. Configuration:ATCMO. FILE: djbmanul.var;

CL conc plume dep plume dia dilutfon avg conc hor dis
m m m

100.0 29.87 0.1446 1.000 100.0 0.000
70.50 29.86 0.3974 2.783 36.98 0.6407
26.64 29.59 1.081 7.828 14.21 2.386
10.78 27.14 2.188 22.03 6.104 5.809
5.877 23.17 3.489 47.32 3.719 8.418
4.105 19.49 4.783 78.28 2.897 10.28
3.260 16.17 6.069 113.3 2.509 11.85
2.794 13.17 7.359 151.3 2.290 13.26
2.510 10.44 8.670 191.9 2.153 14.58
2.318 7.997 10.01 234.4 2.060 15.83< merging
- 2.318 7.981 10.02 234.6 2.059 15.84
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Appendix 2: _Support for Tables | and | (Chapter 1)

SELECTED INPUT

Apr 3, 1992, 10:20:42 ERL-N Model PLUMES, Feb 19, 1992 Case: 2 of
20
Title EXAMPLE 1, 10 CM/SEC
tot flow # porte port flow spacing salinity temp far inc far dis
4.381 100 0.04381 10 0 15 30 100
plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq
9.87 0.1524 0.1446 2.669 2.669 0.000 0.10 15
port elev ver angle cont coef plume den poll conc decay Froude # Roberts
0.6096 0.0 0.9 -~0.8363 100 1.157E-08 14.13 0.01339
hor angle eff spacg amb den current far dif far vel K:vel/cur Stratif
90 10.000 24.28 0.1000 0.000453 0.1 26.690.00003593
depth current density salinity temp amb conc N (freq) red grav.
0.0 0.1 24.10 32 13 1.6 0.007731 0.2466
30.48 0.1 24.29 32 12 1.6 buoy flux puff-ther

0.01080 2.330
jet-plume jet-cross
1.924 3.419
plu-cross jet-strat
10.80 6.650
plu-strat

12.36

bor dig>=

CORMIX~-1 (seingle port) flow: hl; no bottom attachment. Use EPA models (DJB)

deg C, deg F -2.0 to 50 deg C range
Help: Fl. Quit: <esc>. Configuration:ATCMO. FILE: djbmanul.var;

Apr 3, 1992, 10:20:55 ERL-N Model PLUMES, Feb 19, 1992 Cape: 3 of
20
Title EXAMPLE 1, 20 CM/SEC
tot flow # ports port flow spacing salinity temp far inc far dis
4.381 100 0.04381 10 0 15 30 100
plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq
29.87 0.1524 0.1446 2.669 2.669 0.000 0.10 150
port elev ver angle cont coef plume den poll conc decay Froude # Roberts
0.6096 0 0.9 -0.8363 100 1.157E-08 14.13 0.1071
hor angle eff spacg amb den current far 4aif far vel K:wel/cur Stratif
#
90 10.000 24.28 0.2000 0.000453 0.2 13.340.00003593
depth current density salinity temp amb conc N (freq) red grav.
152

L4 ]
dix u
0.0 0.2 24.10 32 13 1.
30.48 0.2 24.29 32 12 1

ables t

0.007731 0.2466

6
.6 buoy flux puff-ther

0.01080 1.850
jet-plume jet-cross
1.924 1.710
plu-cross jet-strat
.350 6.650
plu-satrat

12.36

hor die>=

CORMIX-1 (single port) flow: sd; attachment: al. Use EPA models (DJB)

deg C, deg F

-2.0 to 50 deg C range

Help: Fl. Quit: <esc>. Configuration:ATCMO. FILE: djbmanul.var;
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Apr 3, 1992, 10:21: 2 ERL-N Model PLUMES, Feb 19, 1992 Case: 4 of 1.924 0.4274
20 plu-cross jet-strat
Title EXAMPLE 1, 40 CM/SEC 0.02110 6.650
plu-strat
tot flow # ports port flow spacing salinity temp far inc far dis
4.381 100 0.04381 10 [s] 15 30 100 1z.36
plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq
29.87 0.1524 0.1446 2.669 2.669 0.000 0.10 150 hor dia>=
port elev ver angle cont coef plume den poll conc decay Froude # Roberts
F
Q.6096 0.0 0.9 ~0.8363 100 1.157E~-08 14.13 0.8567
hor angle eff spacg amb den current far dif far vel K:vel/cur Stratif CORMIX-1 (single port) flow: s4; attachment: a2. Use EPA models (DJB)
90 10.000 24.28 0.4000 0.000453 0.4 6.6710.00003593 . deg C, deg F -2.0 to 50 deg C range
depth current density salinity temp amb conc N (freq) red grav. Help: Fl. Quit: <esc>. Configuration:ATCMO. FILE: djbmanul.var;
0.0 0.4 24.10 32 13 1.6 0.007731 0.2466
30.48 0.4 24.29 32 12 1.6 buoy flux puff-ther

0.01080 1.468
jet-plume jet-cross
1.92¢4 0.8548
plu~cross jet-strat
0.1688 6.650
Plu-strat

12.36

hor dig>=

CORMIXel (single port) flow: s4; attachment: a2. Use EPA models (DJB)

deg C, deg F

-2.0 to 50 deg C range

Help: Fl. Quit: <esc>. Configuration:ATCMO. FILE: djbmanul.var;
Apr 3, 1992, 10:21: 6 ERL-N Model PLUMES, Feb 19, 1992 Case: 5 of
20
Title EXAMPLE 1, 80 CM/SEC
tot flow £ ports port flow spacing salinity temp far inc far dis
4.381 100 0.04381 10 0 15 30 100
plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq
29.87 0.1524 0.1446 2.669 2.669 0.000 0.10 150
port elev ver angle cont coef plume den poll conc decay Froude # Roberts
F
0.6096 0.0 0.9 -~0.8363 100 1.157E-08 14.13 6.853
hor angle eff spacg amb den current far dif far vel K:vel/cur Stratif
90 10.000 24.28 0.8000 0.000453 0.8 3.3360.00003593
depth current density salinity temp amb conc N (freq) red grav.
0.0 0.8 24.10 32 13 1.6 0.007731 0.2466
30.48 0.8 24.29 32 12 1.6 buoy flux puff-ther
0.01080 1.165
jet-plume jet-cross
154
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SELECTED INPUT FOR TABLE II

Apr 3, 1992, 10:21:44 ERL-N Model PLUMES, Feb 19, 1992 Case: 17 of
20

Title EXAMPLE FOR EPFLUENT FLOW = 6 CM/S

tot flow # ports port flow spacing salinity temp far inc far dis

6 100 0.06000 10 0 15 30 100

Plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq

29.87 0.1524 0.1446 3.655 3.655 0.000 0.10 150

port elev ver angle cont coef plume den poll conc decay Froude # Roberts

0.6096 0.0 0.9 -0.8363 100 1.157E-08 19.36 0.001222

hor angle eff spacg amb den current far dif far vel K:valfcur Stratif

90 10.000 24.28 0.05000 0.000453 0.05 73.090.00003593

depth current density salinity temp amb conc N (freq) red grav.

0.0 0.05 24.10 32 13 1.6 0.007731 0.2466

30.48 0.05 24.29 32 12 1.6 buoy flux puff-ther

0.01479 4.021
jet-plume jet-crose
2.635 9.365
plu-cross jet-strat
118.3 7.783
plu-strat

13.38

hor dis>=

CORMIX~1 (single port) flow: h3; no bottom attachment. Use CORMIX (DJB)

deg C, dag F ~2.0 to 50 deg C range
Help: Fl. Quit: <esc>. Configuration:ATCMO. FILE: djbmanul.var;

Apr 3, 1992, 10:21:54 ERL-N Model PLUMES, Feb 19, 1992 Case: 18 of

20
Title EXAMPLE FOR EFFLUENT FLOW = 8 CN/S

tot flow # ports port flow spacing -annn:y temp far inc far dis

8 100 0.08000 10 15 30 100

Plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq

9.87 0.1524 0.1446 4.873 4.873 0.000 0.10- 150

port elev ver angle cont coef plume den poll conc decay Froude # Roberts
F

0.6096 0.0 0.9 -0.8363 100 1.157E-08 25.81 0.0009163

hor angle eff spacg amb den current far dif far vel K:vel/fcur Stratif
f

90 10.000 24.28 0.05000 0.000453 0.0S 97.460.00003593

depth current density salinity temp amb conc N (freg) red grav.

0.0 0.05 24.10 32 13 1.6 0.007731 0.2466
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30.48 0.05 24.29 32 12 1.6 buoy flux puff-ther
0.01972 $.361
jet-plume jet-cross
3.513 12.49
plu-cross Jjet-strat
157.8 8.986
plu-strat

14.37

hor dis>s

CORMIX-1 (single port) flow: h3; attachment: a4. Use CORMIX (DJB)

dag C, deg P -2.0 to 50 deg C range
Help: Fl. Quit: <esc>. Configuration:ATCMQ. FILE: djbmanul.var;
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AprA 3, 1992, 10:22:25 ERL-N Model PLUMES, Feb 19, 1992 Case: 19 of
20

Title EXAMPLE FOR EFFLUENT FLOW = 10 CM/S

tot flow # ports port flow spacing salinity temp far inc far dis

10 100 0.1000 10 [} 1S 100

Plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq

29.87 0.1524 0.1446 6.091 6.091 0.000 0.10 150

Port elev ver angle cont coef plume den poll conc decay Froude # Roberts
F

0.6096 0.0 0.9 -0.8363 100 1.157E~08 32.26 0.0007330

hor angle eff spacg amb den current far dif far vel K:vel/cur Stratif
#

90 10.000 24.28 0.05000 0.000453 0.05 121.80.00003593

depth current density salinity temp amb conc N (freq) red grav.

0.0 0.05 24.10 32 13 1.6 0.007731 0.2466

30.48 0.05 24.29 32 12 1.6 buoy flux puff-ther

0.02466 6.702

jat-plume Jjet-cross

4.391 15.61

Plu-crosas jet-strat

197.2 10.0S
plu-strat
15.20

hor dis>=

CORMIX-1 (single port) flow: h3; attachment: a4. Use CORMIX (DJB)

deg C, deg F =2.0 to 50 deg C range
Help: F1l. Quit: <esc>. Configuration:ATCMO. FILE: djbmanul.var;

Apr 3, 1992, 10:22:29 ERL-N Model PLUMES, Feb 19, 1992 Case: 20 of

o
Title EXAMPLE FOR EFFLUENT FLOW = 12 CM/S

tot flow # ports port flow sepacing salinity temp far inc far dis

12 100 0.1200 10 0 1s 30 100

Plume dep port dia plume dia total vel horiz vel vertl vel asp coeff print frq

29.87 0.1524 0.1446 7.309 7.309 0.000 0.10 150

port elev ver angle cont coef plume den poll conc decay Froude # Roberts
F

0.6096 0.0 0.9 -0.8363 100 1.157E-08 38.71 0.0006108

hor angle eff spacg amb den current far dif far vel K:vel/cur Stratif

90 10.000 24.28 0.05000 0.000453 0.05 146.20.00003593

depth current density salinity temp amb conc N (freq) red grav.

0.0 0.0S 24.10 32 13 1.6 0.007731 0.2466

30.48 0.05 24.29 32 12 1.6 bucy flux puff-ther

0.0295% 8.042
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jet-plume Jjet-cross
5.269 18.73
plu-cross Jjet-strat
236.7 11.01
plu~strat
15.91

hor dig>=

CORMIX-1 (single port) flow: h3; attachment: a4. Use CORMIX (DJB)

deg C, deg F -2.0 to 50 deg C range
Help: Fl. Quit: <esc>. Configuration:ATCMO. FILE: djbmanul.var;

159




APPENDIX 3: THE DIFFUSER HYDRAULICS MODEL PLUMEHYD
MODEL DESCRIPTION

The model PLUMEHYD is based on the hydraulics model DPHYDR used by Tetra Tech
in the early 1980's to help assess 301(h) applications (Gremse, 1980), and, based on a limited
number of trials, gives approximately identical results. It is appropriate for use with multiport
diffusers with bell shaped or sharp-edged ports. It also considers multi-segmented diffusers of
varying diameter. The program uses metric (S1) units and works in batch mode.

A description of diffuser hydraulics is available in Grace (1978).

MODEL USAGE
At this time PLUMEHYD.exe works only in the
batch mode, which means you must construct the input | Jonouliuli  diffusen
file in an ASCII editor, like the built-in Turbo Pascal 74 4 0.0267
editor. Sample input is shown in Figure 78. bell

1 11.22 7.315 0.0 0.215
X . . . 2 22 1.22 7.315 0.0 0.134
The first line of input is a title. It is followed by a 23 47 1.677 7.325 0.0 0.129

line containing the number of ports, number of diffuser
sections, and the ratio of the density difference between
the ambient and effluent fluids 1o the effluent density,
(0. - ) p,. The individual values must be separated by
blanks.

Tlustr. 1. PLUMERYD batch input
file.

The third line should contain the words “bell” or “sharp”, which is more informative than
the original version input.

There follow a variable number of lines defined by the number of diffuser sections on the
second line of input, in this case, 4. Each line, starting from the end of the diffuser, specifics
the number of the first port in the section, the last port, the pipe diameter, the port spacing, the
rise, and finally the port diameter. Note that in this case the diffuser has a large port at the end
of the diffuser probably put there for flushing purposes.

The last line of input specifies the Mannings number and the total flow rate.
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PLUMEHYD COMPUTER LISTINGS
Pascal Version of PLUMEHYD

{$r+)

{
Program PLUMEHYD.pas
Metric system (SI) units assumed

const
g = 9.807;
criterion = le-6;
type
porttype = (bell, sharp);
st80 = string[80};
var

piped,dxpipe,dzpipe,ff,portd: array[1..20] of real;

fin,fxn, title: st80;
nf,nl: array[1..20] of integer;
qq,ee: array[1..50] of real;

e,cd, pipev,portfn,portv,q: array[1..400] of real;
ab,al,al,cdc,dr,dx,dz,error,eorg,e0,f, fnf, gprime, hif,hlz,
mann,pd, pid4,pod,qc,qorg,qsum,qt,q0,v,vaew,vorg,zman: real;

i,iter,np,ns,ans: integer;
ptype: porttype;
fi,fx: text;

dr = drho/rho

dxpipe = horizontal length of the section
dzpipe = vertical rise of the section
mann = Maaning’s n

nf = number of the first port in a given section
nl = number of the last port in a given section

np = number of ports

ns = number of diffuser sections
piped = pipe diameter of the section
portd = port diameter

ptype = port type, bell or sharp

qt = total discharge

161




fix 3; The diffuser hydrauli tol PLUMEHYD

function pwr(a b: real):real; var sign: integer;

{ an exponentiation function }

begin

if a2 < O them begin sign: =-1; a:=-a; end else sign:=1;

a: =exp(b*laa)); if sign = -1 then pwr: =-a else pwr: =a; end;
function strip(s:s180): st80;

{ strips blanks out of a string of characters }

begin while sf{1] = ' * do delete(s,1,1); strip: =s; end;

procedure cvnew(var enew,vold,od, vnew: real);

{ sets up PLUMEHYD for analyzing diffusers with bell or sharp-edged poris }

var dv,f1,f2 v,v2: real;
begin
v:=0;
fl:=0.5/g/cnew;
f2: =al/ab*sqrt(2*g*enew);
if ptype = bell then begin
v: =vold;
repeat
VI=VIew,
v2: =sqr(v);
¢d: =0.975*pwr((1-v2*f1),0.375);
vnew: =vold+cd*f2;
dv: =v-vaew;
Vi =Vnew,
until abs(dv) - criterion < 0;
end
else
begin { sharp }
v:=vold;
repeat
v2: =sqr(v);
cd: =0.63-0.58*v2*f1;
vnew: =woid+cd*f2;
dv: =v-vaew;
vi=vnew;
until abs(dv) - criterion < 0;
end;
end;

procedure loop; var j k,nl,n2: integer;
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{ maia program element }
begin
vorg: =0; eorg: =e0; k: =0; qsum: =0;
for j==1 to ns do begin
pd:=piped[j];
ab: =pid4*sqr(pd);
dx:=dxpipe(j];
dz: ipe(jl;
f: =fij};
pod:=portd(j];
al: =pid4*sqr(pod);
fnf:=1/al/sqrt(gprime*pod);
al:=nf[j};

hlz:=dz%dr;
hif:=f*dx/pd/2/g;
for i-=nl to n2 do begin
cwmew(eorg,vorg,cdc,vaew);
k=k+1;
e[k): =eorg;
qcz=(vnew-vorg)*ab;
q{k):=qc;
cdfk}): =cdc;
pipevik): =vnew;
partv{k]:=qc/al;
portfn[k]: =qc*fnf;
eorg: =hiz+eorg +vnew*vnew*hif;
QWE: =qc;
qsum: =qsum +qc;
VOIg: =vnew;

end;
{}if jns < O then begin

vz=vorg*sqr(piped(j)/piped(j + 1]);

eonp: =eorg +0.7*sqr(v-vorg)/2/g;

VaIg: =v;

end;
iter: =iter+1; eefiter]: =e0; qq(iter]}: =qt-qsum; end;
procedure input; var portst: st80;

in
writeClnput file (CR for default name of "HYD.IN": °); readin(fin);
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Jix 3:_The diffuser hydrauli jel PLUMEHYD

if fin = ™ then fin:="hyd.in";
assign(fi, fin); resey(fi);
write("Qutput file (CR for default name of "HYD.EX": *); readIn(fxn);
if fxn = ** thea fxn: ="hyd.ex’;
assign(fx,fxn); rewrite(fx);
readin(fi, title); readin(fi,np,ns,dr);
readin(fi, portst); portst: =strip(portst);
if upcase(portst{1]) = "B’ then ptype: =bell else ptype: =sharp;
for i:= 1 to as do
readin(fi, nffi) ni[i], piped[i] dxpipe[i],dzpipe(i], porud[il); .
{ write('Input Mannings n, q (m*3/sec)’); } readin(fi,mann,qt);
end;

procedure initialize;

{ initializes program variables }
begin

error:=0.001; pid4: =pi/4;
zman: =124.58*mann*mann;
for i:=1 to ns do ff[i]: =zman/pwr(piped(i],0.33333);
q0: =qi/np;

al: =pid4*sqriportd[1]);

eorg: =sqr(qVal)/2/g;

ec[1]: =eorg; e0: =eorg;

iter: =0; gprime: =dr*g; end;

procedure outputit; var jk: integer; begin
writeln(fx, title); writeln(fx);
writeln(fx,"Namber of ports = ',np:4);
writeln(fx, 'drho/rho = *,dr:9:4);
writeln(fx,"Number of sections = ’,ns:4);
if ptype = bell then writeln{fx, bell’)
else
writeln(fx, ‘sharp");
writeln(fx);
writeln(fx, " Mannings N = ’,mann:9:4);
writeln(fx, Desired Q *,qt:9:4);
writeln(fx,’Calculated Q *,qc:9:4); writeln(fx);
for k:= 1 to ns do begin
writeln(fx,
'Friction factor F = *,ff[k]:9:4,” "9,
'Pipe diameter =" piped[k]:9:4);
writeln(fx,
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*Length between ports = °* dxpipe[k]:9:4," *:9,
*dz between ports =’ ,dzpipe[k]:9:4);
writeln(fx,’Port diameter = ’,portd[k]:9:4);
writeln(fx);
writeln(fx,
' Port Specific Coeff  Pipe Port Port Port’);
writeln(fx,

‘number energy cd velocity velocity discharge Froude #');
writeln(fx,

* (m) (m/sec) (mfsec) (m*3/sec)’);
writeln(fx);

for j: =nflX] to ni[k] do
writeln(fx,j:6,e(j]: 10:4,cd(j]: 10:4,pipev(j]: 10:4,
portv([j]: 10:4,q[§]:10:4,portfn(j]: 10:4);
writeln(fx); end;
end;

{ main program element }
begin
input; initialize;
repeat
loop;
ifiter = 1 then
¢0: =ee[1]*sqr(qt/qsum)
else

€0: = (ee[iter-1]*qq[iter]-ee[iter] *qq[iter-1])/(qq[iter]-qq[iter-11);
until abs(qqfiter]) < error;
qc:=qsum;
outputit;
close(fi); close(fx); end.

Sample Input File

Honouliuli diffuser hydraulics
74 4 0.0267
bell

1 11.22 7.315 0.0 0.215

2 22 1.22 7.315 0.0 0.134
23 47 1.677 7.325 0.0 0.129
48 74 1.982 7.315 0.0 0.123
0.014 0.1818
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Appendix 3: The diffuser hydraulics model PLUMEHYD Apnendix 3: The diffuser hydrpulics model PLUMEHYD
! Port Specific Coeff Pipe Port Port Port
Sam utpu! ’ number energy cd velocity velocity discharge Froude #
ple o t File (m)} (m/sec) (m/sec} {(m~3/sec)
Honouliuli diffuser hydraulice 23 0.0018 0.9672 0.0276 0.1834 0.0024 0.9981
24 0.0018 0.9666 0.0287 0.1835 0.0024 0.9984
Wumber of ports - 74 25 0.0018 0.9659 0.0298 0.1836 0.0024 0.9988
drho/rho = 0.0267 26 0.0018 0.9653 0.0309 0.1836 0.0024 0.9992
Number of sections - 4 27 0.0018 0.9646 0.0320 0.1837 0.0024 0.9997
bell 28 0.0019 0.9639 0.0331 0.1838 0.0024 1.0002
29 0.0019 0.9632 0.0341 0.1839 0.0024 1.0008
Mannings K = 0.0140 H 30 0.0019 0.9625 0.0352 0.1841 0.0024 1.0015
Desired Q = 0.1818 31 0.0019 0.9617 0.0363 0.1842 0.0024 1.0022
Calculated Q - 0.1818 32 0.0019 0.9609 0.0374 0.1843 0.0024 1.0030
33 0.0019 0.9601 0.0385 0.1845 0.0024 1.0039
Friction factor F = 0.0229 Pipe diameter = 1.2200 i 34 0.0019 0.9593 0.0396 0.1847 0.0024 1.0049
Length between ports = 7.3150 dz between ports = 0.0000 : 35 0.0019 0.9585 0.0407 0.1849 0.0024 1.0059
Port diameter = 0.2150 36 0.0019 0.9576 0.0418 0.1851 0.0024 1.0070
37 0.0019 0.9568 0.0429 0.1853 0.0024 1.0082
Port Specific Coeff Pipe Port Port Port - as 0.0019 0.9559 0.0440 0.1855 0.0024 1.0095
number energy cd velocity velocity discharge Froude # 39 0.0019 0.9550 0.0451 0.1858 0.0024 1.0109
(m) (m/sec) (m/sec) (m~3/sec) 40 0.0019 0.9541 0.0462 0.1861 0.0024 1.0124
41 0.0019 0.9532 0.0473 0.1864 0.0024 1.0140
1 0.0017 0.9747 0.0055 0.1763 0.0064 0.7429 42 0.0020 0.9523 0.0484 0.1867 0.0024 1.0156
43 0.0020 0.9513 0.0495 0.1870 0.0024 1.0174
Friction factor F = 0.0229 Pipe diameter = 1.2200 44 0.0020 0.9504 0.0506 0.1873 0.0024 1.0193
Length between ports = 7.3150 dz between ports = 0.0000 45 0.0020 0.9494 0.0517 0.1877 0.0025 1.0213
Port diameter = 0.1340 f 46 0.0020 0.9484 0.0528 0.1881 0.0025 1.0233
' 47 0.0020 0.9475 0.0539 0.1885 0.0025 1.0255
Port Specific Coeff Pipe Port Port Port ‘l _
number energy cd velocity velocity discharge Froude # Friction factor F - 0.0194 Pipe diameter - 1.9820
{m) (m/B8ec) (m/sec) (m~3/sec) Length between ports = 7.3150 dz between ports = 0.0000
Port diameter = 0.1230
2 0.0017 0.9744 0.0076 0.1762 0.0025 0.9408
3 0.0017 0.9739 0.0097 0.1762 0.0025 0.9405 Port Specific Coeff Pipe Port Port Port
4 0.0017 0.9734 0.0119 0.1761 0.0025 0.9402 number energy cd velocity velocity discharge Froude #
5 0.0017 0.9728 0.0140 0.1761 0.0025 0.9399 n (m) (m/sec) (m/sec) (m~3/sec)
6 0.0017 0.9721 0.0161 0.1760 0.0025 0.9396 :
7 0.0017 0.9713 0.0182 0.1759 0.0025 0.9393 48 0.0020 0.9607 0.0394 0.1921 0.0023 1.0706
8 0.0017 0.9704 0.0203 0.1759 0.0025 0.9391 ' 49 0.0020 0.9602 0.0401 0.1923 0.0023 1.0715
9 0.0017 0.9694 0.0225 0.1759 0.0025 0.9389 50 0.0021 0.9596 0.0408 0.1925 0.0023 1.0725
10 0.0017 0.9683 0.0246 0.1759 0.0025 0.9388 cee
11 0.0017 0.9671 0.0267 0.1759 0.0025 0.9388 59 0.0021 0.9547 0.0475 0.1944 0.0023 1.0833
12 0.0017 0.9658 0.0288 0.1759 0.0025 0.9389 60 0.0021 0.9541 0.0483 0.1947 0.0023 1.0848
13 0.0017 0.9644 0.0310 0.1759 0.0025 0.9392 61 0.0021 0.9536 0.0491 0.1950 0.0023 1.0863
14 0.0017 0.9629 0.0331 0.1760 0.0025 0.9396 62 0.0021 0.9530 0.0498 0.1952 0.0023 1.0879
15 0.0017 0.9613 0.0352 0.1761 0.0025 0.9402 63 0.0021 0.9524 0.0506 0.1955 0.0023 1.0895
16 0.0017 0.9597 0.0373 0.1763 0.0025 0.9410 64 0.0022 0.9518 0.0513 0.1958 0.0023 1.0912
17 0.0017 0.9580 0.0395 0.1764 0.0025 0.9419 65 0.0022 0.9512 0.0521 0.1961 0.0023 1.0929
18 0.0017 0.9562 0.0416 0.1767 0.0025 0.9431 66 0.0022 0.9506 0.0528 0.1965 0.0023 1.0948
19 0.0018 0.9543 0.0437 0.1769 0.0025 0.9445 67 0.0022 0.9500 0.0536 0.1968 0.0023 1.0966
20 0.0018 0.9524 0.0459 0.1772 0.0025 0.9462 68 0.0022 0.9494 0.0543 0.1972 0.0023 1.0986
21 0.0018 0.9504 0.0480 0.1776 0.0025 0.9481 69 0.0022 0.9488 0.0551 0.1975 0.0023 1.1005
22 0.0018 0.9483 0.0501 0.1780 0.0025 0.9503 70 0.0022 0.9482 0.0559 0.1979 0.0024 1.1026
71 0.0022 0.9476 0.0566 0.1983 0.0024 1.1047
Friction factor F = 0.0206 Pipe diameter = 1.6770 72 0.0022 0.9470 0.0574 0.1986 0.0024 1.1069
Length between ports = 7.3250 dz between ports = 0.0000 73 0.0023 0.9464 0.0582 0.1991 0.0024 1.1091
Port diameter = 0.1290 - 74 0.0023 0.9457 0.0589 0.1995 0.0024 1.1115
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APPENDIX 4: PLUMES WINDOW MESSAGES AND INTERPRETATIONS

CORMIX WINDOW RECOMMENDATIONS

For a long time work culminating in this manuscript and corresponding sofiware and the
EPA spomsored work on CORMIX proceeded independently. Since about 1990, efforts have
been made to integrate the two approaches to take advantage of their complementary capabilities,
as explained in Appendix 1. For example, a CORMIX work element exists to in some way
include the traditional EPA models within its framework. The CORMIX window, currently
restricted to CORMIXI, is our attempt to do the same.

Providing there are no limitations on its use as described in Tables V and attending text,
CORMIX(1 is considered to be an appropriate solution to the plume problem under consideration
in the PLUMES interface. It is assumed that the Configuration menu has been used to tumn the
CORMIX1 algorithm on.

Note, since RSB is exclusively designed for merging plumes, only CORMIX1 and UM are
applicable to this discussion. Also, in all questionable cases, at least a few runs using
CORMIX] are recommended for the sake of comparison and mutual validation.

Single: use CORMIX1; merging: UM ok
Displayed in cases in which PLUMES predicts flow categories v4 and v6: The use of
CORMIX is definitely recommended for single plumes, but only in cases in which
nascent density effects are absent and other weak links in the CORMIX chain (see
Appendix 1) do not exist. Excluded cases must be handled on a case-by-case basis.

To the extent that the CORMIX1 flow classification scheme can also be used in a limited
way to estimate CORMIX2 (merging plume) classification schemes, the use of UM and
RSB is appropriate for merging plumes. Mutual validation with CORMIX and the use
of the more conservative analysis is recommended in questionable cases.

Use CORMIX
Displayed in cases in which PLUMES predicts flow categories h4-90, h5-90, nv5, nh3:
The use of CORMIXI is definitely recommended, but only in cases in which nascent
density effects are absent and other weak links in the CORMIX chain (see Appendix 1)
do not exist. Excluded cases must be handled on a case-by-case basis.

Use CORMIX or UM to surface hit -
Displayed in cases in which PLUMES predicts flow categories nv3, nv4, and nhS: Itis
appropriate to continue the analysis with UM until the surface is hit. The use of
CORMIX is appropriate and possibly preferred, but only in cases in which nascent
density effects are absent and other weak links in the CORMIX chain (see Appendix 1)
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do not exist. Mutual validation with CORMIX and the use of the more conservative
analysis is recommended in questionable cases.

Use UM
Displayed in cases in which PLUMES predicts no CORMIXI category or flow categories
sl, 53, s4: Itis appropriate to continue the analysis with UM. The use of CORMIX is
appropriate, but only in cases in which nascent density effects are absent and other weak
links in the CORMIX chain (see Appendix 1) do not exist.

Use UM to bottom hit
Displayed in cases in which PLUMES predicts flow categories nv1, nv2, nhl, nh2, and
nh4: It is appropriate to continue the analysis with UM until the bottom is hit. The use
of CORMIX is appropriate, but only in cases in which nascent density effects are absent
and other weak links in the CORMIX chain (see Appendix 1) do not exist.

Because two of the entrainment terms are disabled after plume vertical directional
reversal, the UM analysis is thought to be conservative. Mutual validation with
CORMIX and the use of the more conservative analysis is recommended.

Use UM to overlap point
Displayed in cases in which PLUMES predicts flow categories s2, sS, h4-180, h5-180:
UM is considered appropriate to the point of overlap, with the farfield model being
initiated at that point. The use of CORMIX is appropriate, but only in cases in which
nascent density effects are absent and other weak links in the CORMIX chain (see
Appendix 1) do not exist.

Use UM until near surface
Displayed in cases in which PLUMES predicts flow categories v3, v5, h3, h40: UM is
weaker and CORMIX is correspondingly stronger in thess categories. The ten percent
prohibition suggested by Muellenhoff et al. (1985) may be appropriate and can be
implemented using the Pause criterion in the Farfield configuration of PLUMES. The
use of CORMIX is appropriate, but only in cases in which nascent density effects are
absent and other weak links in the CORMIX chain (see Appendix 1) do not exist.

Use UM until surface hit
Displayed in cases in which PLUMES predicts flow categories vI, v2, h1, h2, and h5-0:
UM is considered appropriate to the point of the surface being hit, with the farfield
model being initiated at that point. The use of CORMIX is appropriate, but only in cases
in which nascent density effects are absent and other weak links in the CORMIX chain
(see Appendix 1) do not exist.
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DIALOGUE WINDOW MESSAGES

The following messages are more or less frequently displayed by the PLUMES interface.
The are listed here in alphabetical order. A few of them begin with terms, denoted here by
square brackets [], which depend on the context of the message, are listed first. The rest follow
in alphabetically order.

[message] at [variable]?, BEWARE of inconsistencies! <space>
Appears when a data inconsistency is detected. This can be automatic or happen when
the <cHeck consistency > command is used. While efforts should be made to resolve
inconsistencies, they do not always indicate incompatible input data.

["new" case file name] exists, file must be new
Appears after issuing the <make New file> command if the specified file name already
exists. You are asked to provide another case file name. An empty name, i.e. a simple
carriage return, may be used to cancel the command at this point.

[string] not a number, correction attempted.
You tried to input non-numerical information in a numerical cell. PLUMES removes the
non-numeric characters from the input data and tries to convert the remaining string to
numeric data. Other conditions, such as multiple decimal points, will also cause this
message to be issued. The value should be checked and corrected if necessary.

A descriptive title.
Used to describe the title cell.

At [variable] Change sign or <key> to accept [default]
This message usually indicates that PLUMES is trying to define the identified cell from
an equation involving a square root for which both positive and negative roots are valid.
You have to make the appropriate choice.

Back, Inequalities, Output, Variables(space), or <esc>
Used 1o manipulate data in the Pause cell.

Bad file name, old or default file restored
Indicates a non-existant case file, such as PLMSTUFF.VAR, was specified for opening.
Usually this happens when you have forgotten the name of the case files and
inadvertantly specify a non-existing file name. Exit to DOS and use the DIR command
to refresh yourself on the appropriate names.

Default table, or New table?
Asks you whether to include the default output variables when ruaning UM or to clear
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the table (New) for the addition of variables of your choosing using the <add to
Output > command.

Discharge in Middle or Surface/bottom of water column?
Appears when the <shallow/surface Z> command is used. You must choose <M>
or <S> (or <esc>) to specify your choice, which establishes the proper spacing for
the reflection surfaces and other parameters.

Error detected in case range
Appears after invoking the <Beget new cases> (Miscellany Menu) to indicate that an
ermror in specifying the number of cases to which to copy the current cell has been made.

From this case on, run how many cases? )
Appears after issuing the “B (RSB) or “U (UM) commands. You specify how many
cases, starting at the case number shown at the upper right corer of the screen, to run.
The default is always 1 which may be selected by simply pressing the spacebar.

Go to case (<space> for default): [default case number]
Used to specify how many cases to translate into Universal Data File (UDF) format
necessary to run the 1985 plume models (Muellenhoff et al., 1985). All cases in the
range from the present case to the specified case will be translated.

Go to case (<space> to accept default): [default case number]
Appears after issuing the “C command to ask you the case number to which to move.
The next case is always the default value and may be selected by pressing the spacebar.
A value greater than the number of cases currently in the file causes a new case to be
appended to the end of the file and movement to that case (the data in the present case
are automatically loaded into the new case).

Hit hilited letter or arrow keys and <CR>; use control sequences for speed
Issued when accessing the main menu to remind you that the control key sequence for
issuing commands is faster than using the menus.

Inconsistency at [variable name 1]: {value 1] vs. [variable name 2]: [value 2]
These messages may appear when using the <cHeck consistency> command if
tolerances are not met. In other words, if two different equations of the same dependent
variable yield values which differ by more than 1 part per thousand, then this message
is issued.

Input file name:

Reguests you to enter the name of the case file, i.e. the non-ASCH file used to store the
input screen data, such as PLMSTUFF.VAR. These files cannot be edited by an ASCII
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editor.

Input starting longitudinal coordinate:
When the Brooks equation width input toggle in the Configuration String is set to “user®,
PLUMES prompts for the initial width of the wastefield and the initial starting distance,
thus allowing for the override of these two parameters. This allows runs of the Brooks
equation which are essentially independent of the initial dilution estimates.

Input wastefield width:
See related message, “Input starting longitudinal coordinate: ", above.

<key> for far field prediction
RSB output is displayed on two screens, the near field output and the far field output.

<key> once again to start PLUMES
While using the < shallow/surface Z> command, some condition needing your attention
in the initialization phase has been identified. Make tot flow, spacing, plume dep, port
dia, port eleve cells independent, and, a non-surface independent ambient depth cell must
be defined, which must satisfy: ambient depth > = plume dep. A message appears on
three separate dialogue windows when some or all cell values needed to complete the
< shallow/surface Z> command are missing.

No changes made

Appears if a choice other than Middle or Surface/bottom, i.e. no choice, is made after
issuing the < shallow/surface Z> command.

No direct independents to hilite for [variable], remove others.
Issued when the problem is overspecified and a confict arises. This happens when a
dependent (white) value is replaced by an independent (yellow) value but no immediate
independent values for the cell can be identified, i.e. the cell is totally defined by other
dependent (white) values. YOU SHOULD IMMEDIATELY REMOVE THE LAST
VALUE YOU INPUT OR FIND OTHER INDEPENDENT VALUES TO REMOVE.
USE THE < cHeck consistency> COMMAND TO ASSURE CONSISTENCY.

NO GO, incomplete efflueat/ambient blocs.

Advises you that the data necessary for running UM are not complete. Retum to the
input screen and check for missing cells.

Only for adding hidden variables to the table. <key>

Back, Inequalities, Output, Variables(space), <esc>
Used to manipulate data in the Pause cell. Moves the pause cell pointer through the list
of available variables.
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Jix 4: PLUMES window i .

Out of range?
Indicates a bad case number was issued under the “C command.

Plumes not merged, Brooks method may be invalid.
The Brooks equations are based on a continuous wastefield, an assumption which is not
valid when the plumes are not merged. However, the equations are probably valid if the
unmerged distance is small.

Probable corrupted data file, check SETUP, and files.

SETUP should be deleted; program to terminate!
An ervor has been identified in the case file. Possibly you asked for a file that is not in
the binary case file format, you have moved your files to some new directory and
PLUMES is unable to find the files, or some other terminal condition exists. Check the
SETUP file for clues, delete it, and start over (or shift attention to other case files).

Quit, all others to continue
Message appears when execution of UM has been interrupted. <Q> will cause the
current run to be abandoned.

Replicate this cell to case (<space> to accept default):
A value in a particular cell in a particular case may be copied to the corresponding cell
in a specified number of additional cases starting with the next case.

See guidance material for explanation
Appears when the Miscellany Menu is accessed. Guidance may be found in the section
entitled “User’s guide to the model interface, PLUMES" in the manual.

See users’ guide for details
Appears when the Configuration Menu is accessed.

Specify max reversals; 0: PLUMES chooses (see manual: configuration):
You are asked how many vertical velocity reversals UM should use before giving control
over to the far field model. Reversals occur in stable ambient at the top of rise or when
the plume sinks to a maximum depth (fall). If the trajectory is plotted out, these points
are the crests and troughs of the resulting waveform.

Start far-field at Max-rise, Overlap, or Pause criterion?
Issued when invoking <Farfield start> on the Configuration Menu for control of the
UM model. You are to specify at which point the initial dilution model should end and
the far field model begin. The overlap condition is recommended.
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Sure you waat to zap variables? (y/n):
Reminder after issuing the <Zap most variables> command on the Miscellany Menu,
that all variables except the aspiration coefficient, output frequency, decay, far field
dispersion coefficient, and surface ambient depth cell will be blanked out.

Temperatare A) {temperature 1] or <key> f{temperature 2]?
This message appears when temperature is the dependent variable (defmed by density and
salinity). In this case an approximation technique is used to solve the density function
for temperature. This choice is presented when two solutions, starting at different initial
guesses, of the problem converge on separate values.

To use command, number of ports must = 1
Reminder that the < shallow/surface Z> command can only be used for single port
outfalls.

To use Fill ambient cells: <key> for usage:

cursor mast be on a full cell below cells to be interpolated
Instructs you how to fill embedded empty cells in the ambient block. You must move
the cursor to a filled cell below the embedded empty cells. The corresponding surface
cell mmst also contain a value. The cells in between will be interpolated on the values
of the depths in the depth column.

UM running, key to interrupt
Please wait message. UM can be interrupted and stopped at anytime.

Use control key sequences or see the Guide for better movement and comtrol
Appears when the Movement menu is accessed, reminds you that better movement
controls are available by consulting the manual.

With regard to {variable name]} resolve conflicts:
Isswed when the problem is overspecified and a confict arises. This happens when a
dependent variable is replaced by an independent variable, i.e. one you input. You are
forced to move between the highlighted cells until you delete one of them, by pressing
<D> or the <delete> on the flashing (chosen) cell.

Write to ("pm" for printer, "console”, or disk file name): {default name)
Appears after specifying the number of cases to run after issuing the “B or “U commands
(see “From this case on..."). You are asked to specify the output device which can be

the peinter (type in the letters prn), monitor (type in console), or disk file (any legal DOS

file mame). The spacebar may be used to accept the default value.

XX = currest variable, x2 = 1st argument in PRECEDING ns.
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9. PROGRAM UDKHDEN

PROGRAM UDKHDEN - MAY 1994 VERSION 2.7

THIS IS AN UPDATED VERSION OF THE DKHPLM PROGRAM DEVELOPED BY
DR. LORIN R. DAVIS FROM THE ORIGINAL SINGLE PORT MODEL DEVELOPED
BY ERIC HIRST. THE MODEL WAS TUNED TO EXPERIMENTAL DATA BY

DR. LANDIS KANNBERG.

IT CALCULATES THE CHARACTERISTICS OF A LINE OF EQUALLY

SPACED BUOYANT DISCHARGES INTO A FLOWING STRATIFIED AMBIENT

THE METHOD OF SOLUTION INVOLVES 7 ORDINARY DIFFERENTIAL EQUATIONS
WHICH ARE 1. CONSERVATION OF MASS 2. CONSERVATIONS OF ENERGY

3. CONSERVATION OF CONCENTRATION 4. DENSITY DEFICIENCY

5.6.7. MOMENTUM BONS IN THE Z (AXIAL), K (VERTICAL) J (HORIZONTAL
AND PARALLEL TO AMBIENT CURRENT DIRECTION) EQN 4 IS USED ONLY

IN ALGEBRAIC FORM. THE SIX OTHER EQUATIONS ARE WRITTEN FOR

A CONTROL VOLUME WHICH IS FINITE IN A DIRECTION PERPENDICULAR

TO THE JET AND INFINITESIMAL IN THE DIRECTION OF THE JET AXIS.
OUTPUT IN THE ZONE OF FLOW ESTABLISHMENT HAS BEEN SUPPRESSED.

A SINGLE PORT DISCHARGE CAN BE MODELED BY SPACING THE PORTS WIDE
APART SO MERGING DOES NOT OCCUR.

THIS VERSION IS INTERACTIVE WITH THE TERMINAL ALLOWING FOR
MULTIPLE RUNS TO BE RUN WHILE ONLY CHANGING ONE VARIABLE. THIS IS
MADE POSSIBLE BY SETTING THE FIRST OPTION VARIABLE ON THE SECOND
LINE OF INPUT TO A NUMBER DIFFERENT FROM ZERO

THE INPUT TO UDKHDEN 1S IN THE FORMAT OF A "UNIVERSAL DATA FILE"
THAT IS GENERATED BY THE EPA "PLUMES® INFERFACE VERSION 3

TWO COPIES OF THE PROGRAM ARE PROVIDED. IF ADDITIONAL DISKS ARE
REQUIRED, CONTACT DR. LORIN R. DAVIS,

440 NW. 34th, CORVALLIS, ORBGON 97330 , (503) 737-7017

TO RUN THE PROGRAM, GENERATE AN INPUT FILE FOR ONE OR MORE RUNS

AS OUTLINED BELOW AND STORE IT ON A DISK WITH PLENTY OF FREE SPACE.

TYPE UDKH2_7 (OR UDKH2_6) <RETURN>. THE SYSTEM WITH RESPOND WITH
*ENTER FILENAME FOR INPUT>". TYPR X:FILENAME.EXT <RETURN> WHERE
FILENAMR.EBXT IS THE NAME WITH EXTENSION OF YOUR INPUT FILE . WHERE X
IS THE DRIVE WHERE YOUR FILE IS SAVED. THE SYSTEM WILL RESPOND WITH
"ENTER FILENAME FOR OUTPUT>". 1IF YOU WISH THE OUTPUT TO BE DIRECTED
TO THE TERMINAL SCREEN, TYPE CON. :

IF YOU WANT TO SAVE THE OUTPUT ON A DISK FILE, TYPE X:PILENAMEZ . EXT
WHERE FILENAME2.EXT IS THE NAME AND EXTENSION YOU WISH YOUR
OUTPUT FILE TO HAVE. FILENAME2 MUST BE A NEW FILE AND




CAN NOT ALREADY EXIST ON THE DISK. IF IT DOES, YOU WILL GET AN ERROR
MESSAGE.

*tveve INPUT REQUIREMENTS te##+

INPUT IS GENERATED BY USING THE EPA "PLUMES* INTERFACE VERSION 3 AND
CREATING A udf.in FILE. THIS IS DONE IN "PLUMES' BY PRESSING Y (CONTROL
Y) AND SELECTING THE u OPTION, CREATE UDF FILE. THEN ANSWER WRITE WHEN
YOU GET A PROMPT. NOTE THAT PLUMES APPENDS THE NEW CASE TO ANY

EXISTING CASES ALREADY IN THE udf.in FILE. THIS ALLOWS YOU TO STACK
SEVERAL RUNS BACK TO BACK AND RUN THEM ALL AT ONCE WITH udkh.

OTHERWISE YOU MUST DELETE ALL PREVIOUS CASES BEFORE RUNNING. I

USUALLY RENAME MY udf FILE EACH TIME TO THE SITE CASE BEING STUDIED

% SO THAT THE udf FILE ONLY CONTAINS THE LAST CASE.

£ YOU CAN MAKE MOLTIPLE RUNS USING THE SAME AMBIENT INPUT TABLE BY

. CHANGING THE PIRST OPTION FLAG ON LINE TWO OF THE INPUT TO A NUMBER
DIFFERENT FROM ZERO. IF YOU DO, THR PROGRAM WILL ASK YOU AT THE END
OF A GIVEN CASE IF YOU WANT TO CHANGE ANY OF THE DISCHARGE
VARIABLES. YOU CAN SELECT WHICH ONE YOU WANT TO CHANGE, CHANGE IT,
AND GIVE THE CASE A NEW TITLE, THBN RE-RUN.

A SUBROUTINE (HRCKS LIMITS OF PORT DEPTH (GRBATER THAN 0. AND LESS THAN OR
EQUAL TO PROFILE DEPTH), DISCHARGE ANGLE (EQUAL TO OR GREATER THAN -5 BUT
LESS THAN OR BQUAL TO 130 DEG (COMPUTATIONAL PROBLEMS WOULD OCCUR WITH
LARGE DISCHARGE ANGLES, I.E. SQUARE ROOT OF A NEGATIVE NUMBER, AND
PROGRAM WOULD EXIT) .

ANY CURRENT ANGLE IN THE RANGE OF 0 TO 180 IS OK, BUT FOR ANGLES
GREATER THAN %0 DEG THE PROGRAM SETS THE CURRENT ANGLE (HANG) EQUAL TO THE
SUPPLEMENTARY ANGLE. FOR MULTI PORT DIFFUSERS HANG, BETWEEN 45 AND 135 IS
RECOMMENDED FOR ACCURACY OF PREDICTIONS.

IT CHECKS TO SEE THAT THE EFFLUEBNT DENSITY IS EQUAL TO OR LESS THAN THE
AMBIENT DENSITY AND THAT THERE ARE AMBIENT PROFILE VALUES FOR THE SURFACE,
I.E. DP(1)=0. IF INTER=1, THE PORT DEPTH, ANGLES AND EFFLUENT DENSITY CAN
BE CORRECTED INTERACTIVELY BUT SURFACE DATA CORRECTION MUST BE MADE TO THE
DATA SET(S) AMD REENTERED. IF INTER=Q0, ALL CORRECTION MUST BE MADE TO THE
DATA SET(S) ANMD REENTERED.

AAA AL AR AL AR X222 222222222 X2 2222 X222 X222 22X 222222 X 22Xt 2] 2]

veees OUTPUT FORMAT *tedes

THERE ARE TWO VERSIONS OF OUTPUT. UDKH2_7 HAS OUTPUT FORMATTED SO
IT WILL FIT ON A 8-1/2 INCH PAGE BUT IT DOES NOT PRINT OUT THE LOCAL FLOW

ANGLES AND EXPOSURE TIME. UDKH2 6 GIVES COMPLETE OUTPUT AS

DESCRIBED BELOW BUT IT WILL NOT FIT ON A 8-1/2 PAGE UNLESS A SMALL FONT
IS USED. I USUALLY USE A COURIER 9 PT FONT OR COMPRESSED MODE
DEPENDING ON THE PRINTER.

THE PROGRAM ECHOS THE INPUT VARIABLES THEN CALCULATES THE DISCHARGE
FROUDE NUMBER AND PORT TO DIAMETER SPACING. IT THEN GOBES INTO A
SOPHISTICATED ROUTINE THAT CALCULATES THE CHARACTERISTICS OF THE PLUME
IN THE ZONE OF FLOW ESTABLISHMENT NEAR THE SOURCE AND PRINTS OUT THE
LENGTH OF THE DEVELOPMENT ZONE OR STARTING LENGTH. THIS USUALLY TAKES
SOME TIME DEPENDING ON THE COMPUTER. THEN FOR EACH INTEGRATION STEP IT
PRINTS OUT

THE FOLLOWING:

X - CROSS CURRENT DISTANCE
Y - DOWN CURRENT DISTANCE
2z - VERTICAL DISTANCE FROM SOURCE

THESE THREE COORDINATES GIVE THE THREB
DIMENSIONAL TRAJECTORY OF THE CENTERLINE OF THE
REFERENCE PLUME

TH1 - IS THE LOCAL PLUME FLOW DIRECTION RELATIVE TO THE
CURRENT WITH 90 DEGREES BEING IN THE DIRECTION OF THE
CURRENT.

TH2 - IS THE LOCAL PLUME FLOW DIRECTION RELATIVE TO THE

HORIZONTAL WITH 90 DEGREES BEING VERTICAL.

WIDTH OR DIAM- IS THE DIAMETER OF A SINGLE PLUME OR SIDE WIDTH OF
MERGED PLUMES (NOT LENGTH SINCE THAT DEPENDS ON THE
LENGTH OF THE DIFFUSER)

DUCL, DRHO, DCCL, AND DTCL ALL REFER TO THE RATIO OF THE LOCAL
DIFFERENCE BETWEEN THE LOCAL CENTERLINE VALUE AND
AMBIENT VALUE TO THAT SAME DIFFERENCE AT DISCHARGE FOR
VELOCITY, DENSITY, CONCENTRATION, AND TEMPERATURE
RESPECTIVELY. FOR EXAMPLE DUCL = (Ucl - Ua) AT
ELEVATION Z DIVIDED BY (Ujet - Ua) AT DISCHARGE
ELEVATION WHERE U IS VELOCITY, cl IS CENTERLINE, a IS
AMBIENT, AND jet IS THE DISCHARGE VALUE.

TIME - =~ IS THE TIME OF TRAVEL FROM THE DISCHARGE TO THIS POINT.

DILUTION - IS THE LOCAL AVERAGE PLUME DILUTION, 1.0 BEING NO




DILUTION AT ALL.

THE PROGRAM PRINTS OUT WHEN THE PLUMRS JUST BEGIN TO MERGE, WHEN AND IF
THE PLUME RERACHBS AN BQUILIBRIUM HEIGHT IN A STRATIFIED AMBIENT (DRHO
BECOMES NEGATIVE AT THIS POINT), AND IF THE PLUME REACHRS THE SURFACE. THE
PROGRAM STOPS ONCE THE PLUME REACHES THE SURFACE SINCE THE MODEL IS NOT
GOOD BEYOND THAT POINT.

IF THE PLUME REACHED A TRAPPING LEVEL, IT IS PRINTED OUT ALONG WITH THE
DILUTION AT THAT POINT.

IF YOU INRDICATRD IN THE INPUT FILE THAT YOU WANTED AN INTERACTIVE RUN,
THE PROGRAM WILL PROMPT YOU FOR NEW INPUT VALUES AND RUN TITLES. IF NOT,
THE PROGRAM WILL GO TO THE NEXT DATA SET IN THE INPUT FILE IF THERE IS
ONE.

10. AN ANALYSIS OF DEEP SUBMERGED MULTIPLE-
PORT BUOYANT DISCHARGES







L.D. K An H
w2zt § An Analysis of Deep Submerged
Sichiond, Wash.
Assoc. Minm. ASUE - o
Multiple-Port Buoyant Discharges
L. R. Davis
Wﬂ-"*-: The remdis of an experimental study of deep submerged multiple-port thermal dis-
‘_‘._'. charges are compared to the predictions of a theory treating the dilution of merging multi-
pkuponhwyuntmduch-xelnnamalqunllyup-«dmn The paper summa-
nizes ”il eon.ndmbh alteration of the Hirst [11] model necessary to adequately treat
le jets. The ial fe of the lysis are: (1) the gradual transi-
tion of the pmldu from simple axisymmetric profiles to merging profiles and finally to
fully merged, pseudo-siot, two-dimensional profiles, and (2) an entrainment based on the
available entrainment surfoce. Results indi that the overprediction of plume charac-
teristics sssociated with cﬂ'&un other models as mmpcrd to experimental data may be
overcome using such an analysis and that suitabl diction may be obtained.
Introduction Since it was desired to i the effecta of , in this paper
the phune is idered fined is focused on
I is predicted that the future energy needs of this country will be 100 of eateblished flow and the a0d zone. the
met primarily by auclear- and fossil-fueled electric gemerating sta-
lmm Since these plants are for the most part 35-40 percent ther-  Historical Background

1ly efficient, a id amount of the emergy will be
released as waste beat. With this magnitude of waste heat, the effects
of large thermal disch to the envi become a legi
concern. Reguhuu agencies have developed specifications con-
m-g and dilution for the re-
fions oear the waste-heat disch Tt in, theref: y for

Most of the analysis performed to date has dealt with either the
single round jet or the ningle slot jet, both of which were successfully
treated by two-di ! integral analyses with the assi of
similarity assumplions. Only recently have a!tunpl.l been mde tn
treat disch in which similarity is not ible using

the wtility {or other appropriste industries) to design and construct
discharge systems which meet dilution requirements and are cost
effective. One design which has been advanced to mest these goals
is the multiport diffuser. This paper preseats a multiport discharge
model recently advanced and compares the predictions of this method
10 thase of other models and uulpennenhl data.

Thee plumes from subm disch con be divided
into dintinct flow regions chlmdlﬂud by their velacity and tem-
perature profiles. Near the source is the zone of flow establishment
where the “top hat™ profiles of each discharge change to gaussian-
shaped profiles. In the 2one of established fow, \l\e&pldi-nm-m

hods (Trent and Wetty [1),! Shetz [2]).

Efforts to extend beyond the single port outfall or the slot jet have
not been directed toward modeling the merging process of several jets
but rather to edapting the solutions of the single round jet and the
slot jet to give predictions for the multiple jet case. The two notable
mhmth-mrdmthmedKoh and Fun [3[ -nd Jirks and
Harleman {4). Koh and Fan simulated the dis-
charges aa single jets untit certein merging criteria were met and then
shifled simulation to the slot enalysis. Transition occurred when the
entrainraents for both cases were equal of when the width of the round
jets squaled the spacing between the jets Jirka and Harleman sug-
gested that the multiple round jet discharges could be treated as a slot
Jet provided cestain adpsstiments were made in the parameters de-
unhm( the plume. For their “squivalent slot™ method, the same

" similmr, ch only in itude. In the ng zone, these single
plu-udoﬂywmomamthrfm.mmlot
pluse. Thnmergqregnon y along the y
of the plume, d di bi ditions and the initial port

spacing. lt!hepl-umchlhefmmrfn.thueunlddlmd

* surface transition sone where they change to drifting sutface plumes.

Camtributed by the Hest Transfer Division asd presented ot the Winter
Anomanl Meeting, New York, N. V.. Deceralnr 5-360, 1976.
by the Heat Traoafes Divisian Febeuary 18, 1977. Paper No. %-WA/HT-19.
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b per unit diffuser lenxunnd the same momenmm flux per
unit length as the multiport di d. This resuits in a
theu!hclhhtd‘!ndd;ﬂ D’t/‘LwhenDlndLmlhe-zl-l
port diameter and spacing between ports.

Experimental studies have been perfc

d by Jirka and Hark

¥ Nueabera in brackets designate References at end of paper.

Transactions of the ASME

4], Koh, et al. (6}, Argue 17}, Liseth |8}, wasa and Yateunska [9], and
and Davis {5|. With the exception of Kannberg and Davis

The equstions have been divided by 2r and the specific heat where
nppmpnn‘. The curvature equations are formed from appropriste
of the - Fig. 1 illus-

5] snd Kannberg {10}, sll of these studies involved disch that
were either inko confised ambients or from diffusers that did not
constitute a single row of discharge ports. Thea, little work has been

trates the wmlm\e-y.anudmdhl’uu..mdlg ‘The integrals
in these equations can be easily evalugied onos suitable velocity and

done on the effects of merging on dilution end

The Merging Jet Madel
Hlnt {n,19 d e Ik lysis of the single port
h He developed the i ions of motionh and

cacly from the Nm—&ol:u nnd energy mmporl nqunuom. He
d the B

profiles are d. Most researchers employ gaussian

proliles; however, for this work the 3/2 power profiles successfully

empiloyed by Stolzenbach |13} were found to be more convenient since
they have a defined edge.

In the zone of established flow,

i ic profiles of
uln.ndvelm:ltylre-l.-edtnbe

InﬂEchrtm-hr hﬂymthMy mdinenmp—lhleﬂmv

to make the ble. By ax-  where
ry and i in the radial di the ions may
bendundlnthfollmqfwm
Continuity
d - o and
I.‘; Trde = ~lim (/5) =« £ m
Energy
d - dT. - rmer—
;‘—j; BT -Towr == -2 wrdr ~lim (0'T) D
s-momentum

i—_ﬂ'm-v-za-.mo,

+ f " g3 (T'— Todrdr sin 8 — lim (wv’) (3)
0 r—=

Curvature equations

a8 _ - _ e .
& lj; {8(T - To)rdr cos B; — EUw sin O, sin 021/

and
N o
Gcoshy
where
B f E’rdr—-E—- lim % 2) {6)
4 -

‘The various terms in these equations are defined in the Nomenclature.

N, 1

(1))’
sream (12 ()Y

where b is the full half-width of the plume. These profiles are very

Fig. 1 The coordinale system empiloyed by Hirst [11]

A =area

a = entrainment coeflicient

®0.12,.. ™ entrainment coefficients

B = slot plume discharge point width

b = 3/2 power profile plame half width

Cp = drag coeflicient

D = port diameter

E = entrainment

F = Froude number = Us/t Ap/pogi?)/2

Fp = drag force

Fi = local Froude number

[ = time averaged quantity

[ = Nuctuating quantity

G234 = fluz quantities in the zone of single
plume flow

# = gravitational force {without bar—the
gravitationsl constant)

Hya234 = flux quantities in the merging
zone

hi123 = incomplete integrals defined in the
merging zone

Journal of Heat Transter

L = distance between ports

N .22 = normal terms, employed in the drag
force relation

7 = defined in the text

R = towing ratio = U./U,

r = plume redius and radial coordinate

S5 = distance along center line and center-
tine coordinate

T = temperature

T = ambient temperature

T. = center-line temperature

AT =(T. - T.)

Up = port discharge velacity

U. = ambient velocity

u = velocity in the S-direction

Y = vertical cnordinate and height above

ports

Z = transverse coordinate along line of
ports

« = measure of merging = L/b

# = coeflicient of thermal expansion

{ = merging coordinate along line of jet center
lines

¥ = merging coordinate perpendicular to the
S-{ olane

04 and 0 = angle of plume center line to the
X-Z plane

0y = angle of projection of the plume center
fine on the plume center line on the X.Z
plane from the Z-axis

u, = center-line velocity in the S-direction  p = density
Au, = (e — Un cos 838in 0y) dp = lp—pa)
© = velocity in radial, r-direction o = discharge density
w = plume 'ldu: po = ambient density
X = hort di and ¢ = circumferential plume coordi
coordinate
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similar in shepe to Gaussian profiles, but their defined edge and tha
.nmnmhvdtmtynndlummunnmnnadefm
point {or merging enlculauou to start. With these relationa \he in-

tegrals may be evaluated and the following difT isl
obtained:
Continuity of mess
%Gl -E n
Energy
d dT.
;(u’z"’rh‘. @
s-momentum
:—C:-EU- win @ cos8; + G2 sin b, 9)
L]
Curvature equations
—-m.u.o./[ -g m-o,] a0

and
ds, . . E*
T R sin by sing, +;ma,c.)/(c, -=) un
where G, broume the independent variables, defined as
b
G, =(\,12&',7_m,b=+-;u-oo-61uin0. a2

Gy = 00667583, AT T ~ 0.12857522T Ua cos b2 5in 8; (13)
G2 = 0.0667581x, %2 + 0.25714b? 2w, U. cos 8, sin 8;

2
+ %U.’ cos?y sin?d; (14)

Gq = 0.1285T6%AT, (15)

The ambient turbulence terms have been omitted from this presen-
tation for bresity, but they are induded in the computer program for
use when ink i ilsble. The Gi(i=1234)are
the loca! mass flux, energy flux, momentum flux, and density defi-
ciency, respectively, divided by 2x and specific heal. 'here eppro-
priate. The values of G; can be obtained by of
equations (<)(11) using s Ruoge- Kulu or Hlmmm; Predictor-
Corrector scheme once a proper E, is obtained
The subsequent calculation of the center-line temperature and ve-
locity and the plume width is an exercise in solving three equations
in three unkm The initial conditions for these calculations can
be obtained from zone of flow establishment calculations similar to
those presented by Hirst [12] using the appropriate 3/2 power pro-
fites. .
The calculetiv i in the ise (s) direction unt the
width of the plume is equal 1o the spacing between the jets. At this
point the jets begin to merge and the profiles are no Jonger axisym-
metric. For the of smooth ition and a i 20~
lution of the differential jons b the zone of established
flow snd the zone of merging, the profiles employed for the merging
region should have the following qualities:
1 The profiles should be sznooth im all directions.
2 The slopes should be zeroat [ =0, g = 0, and = L/2, 5 = 0 (see
Fig. 2).
3  When the plumes just begin to merge they should retain their
single-plume profiles.
4 The profiles should be the superposition of the single-plume
profiles (wheee applicable) with no point aliowed to exceed center-line
_properties.
5 The profiles should maintain the characteristics of similar
profiles in 5.
With the foregoi iderations, the foll
sumed in thlund’ merging:

profiles are as-
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Fig. 2 The coordinale system for the merging plume anslysin

seesaf1- )]
s -]
e s [ (1= 07+ - (5]
AT = _\T,[l - G)“]’
.\1‘,-.\1‘.[1—((—5)“]1 for 0S¢{sL-b

ATy = AT, [(l - (tl;)m),+ (- (’_"E—f)m),]

for L-bs<{<L/f2

for 0<{<L-b

where
clmpla gt

After Aug = Au‘nlr-L/Z.thcniti:mmedﬂnlAuf-Ml‘ordl
{. The same is d for Th , before Au;
- Au..lt(’-L/Z.b>Lunp|yln(lli-tlhnmlhmplum-mupn(

instead of two. The ib of plumesis i
minor and is neglected in the analysis. This is with other
fluid dynamic assumptions.

With the profiles described, the governing reiations may be written
as follows.
‘The continuity equation becomes

al3e S Souaa]
.%[%j;""];'(.\uu.mt,-ina.)dndf]

d
-;Hl =E (16}

: 4
Hy = 220 i) + 2 U conbyaintibae) (1)
a=L/b
ot
htay= {7 VISR - ¥
+ [V - 0mtax a8

and
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o?
Aela) =2 j; Vit

;mﬁrm" 3 e

After Aug = Au, at § = L/2, one obtains,
H‘-EO.M(G Ua cos B3 3in 8 hela) (20)
T

For the energy equation,

[2'ffu.\TdA]-—[—f”‘f (Au
+U-m0,ﬁnl,).\f#qd{]=5;l{1-—%l{| @n

where,

Hy o 2818 bos T Auchota)

+ 220U cos bnin i@ @2)
t 3

o af2
hala) = j; = (1= x3)d, + J:_. ey

=2 (1- (@ —xPN+ (1 —la- xP)dx (23)
With the given profile description, Au; approaches Ju. at { = L2to
the same degree that ATy approsches AT.. Hence, when AT, = AT,
Aug = Au,, and one obtains
Hy= f AT, (031558 3m, + 0.45U . cos 82 3in #)hala)  (24)
14

The jon takes the following form for the zone of

merging:

ar13 P ]

d-[z.fj;" A
a2 iR e i vwm]
d‘['j; j; (A + Un cos 828in 8

-iH;-EU-oo-D,-inﬁ +Hagsin s

where
Hym 288 s hste) + 2 b’Au..U- cos 3 sin #1hy(a)
+ —b'U-’ cos? Gy uin? hhs(a) (26}
w
and
Hi=2262%aT 0yt @n
L 2
After Aug = Au,,
Hy = 2222) (0 516680, 2 4 0820, U cos fysin#,
i + U cost 8p0in? 8;)  (28)
and -

Ho= 2 T bt @9
v

For the 2one of merging the corvature equations sre
d_O_!_ EU. cos &, (30)
ds E?
("'_4)”"
and

Journal ot Heat Transier

dey —EU.sinbysint + Heg cos by
2. 5
H, "

In these equetions the term a = L/b represents the degree of
merging since fora = 2, the plumes are just beginning to merge and
fora=1, thpk—-ln n-rlymupd The functions hj(a), hela).
and hala) are i tegrals in o. These i ls are not solved
in closed farm at present but are readily solved numerically.

The quantities H; (i = 1, 2,3, 4) are the same as G, in the previous
mMm—nldnhulmﬂﬂuLwﬂul.m
flux, and density deficiency. As in the previous sectioh, the quantities
Aug, AT,,Mb-yheohnmdmenhw-bymh-lhu
equations simultaneously. The initisl conditions for the sone of
mumthﬁnlpiumumdmudthmdd.ﬂ-ﬁed
no"l"he proper governing differential equations have now been de-
veloped and the initial and boundary conditions specified. The only
element remaining for closure is the entrainment.

31)

The Entrainment Function
Taylor [14) was the first to suggest the formulation of an entrain-
ment function, and the use of characteristic values of the plume 1o
describe this function. Morton, et al. {15] have employed this concept
o develop the expression
E = ablu,

. . tevalaned

wl the basis for ail the i

u::hmm other researchers have modified this rehnnn w0

obtain better agreement with the widely varying discharpe and am-

blenteondmmnhuﬂecuheplume Some have used the first mo-

menl.uﬁ.he q to d i theformd’i.heen-
Any al } to the

should be based on l.heprobnblechanus.rdthemechmdm

t dlﬂmn! h or
ml‘:‘:':. t functi ployed for this study is based on the
one proposed by Hirst with modifications for nferglnl eﬂecu
For the Zone of Established Flow (before ), the

(for 8 = 90°) is expressed a3
as
Em (n|+FL-)

x| b - U cos 8} (1 —‘%”) +asllob .ina.] @

and for Zone of Merging, it is expressed as

LOf

o FEw-2s
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E= a2 -
'.*FL) [blu‘ UL cos by (| _E

2 L
x(l - o 5) + -,U.%.inn,] 33

The cuefficients, a;, ay, and @ are similar to those used
accounts for reduced entrainment due to plume competition.
) is the entraining surface during merging.

term (I ~ 2/x cos~! L/2b

Results

b!' Hirst. a

‘This gave a zero d - plames inum

I'nl;:,e:'hol clasely np:c.‘e:;::hz-. s ma ores
A ith this drag force inchaded the best

tained witha, =0.2and Cp, -lwmh‘t.:nz-

agreement was obtained for R » Uo/Uywalues pesr 0.1 iGC;l-in-

cressed 1o 3.0, and reduced o 1.8 ar below for R = 0.5,
mfdbﬁurmdmlhﬁlnﬁm-w

lomulupnnd‘llnu'lin(thﬂ-dnmuﬁlglhhumnll

mmpuurudcemploy:dw- iginally irst mode!
Elul_uiwmi-iomllheadgw—r' ‘in“‘.uﬂ'hi.r“"h‘H“t d. .
!hedlﬂerrmpmﬁltundlhmmmadewd!nwd 60
in liu_e prexent study by tuning the entrainment cveflicients so that DATA
best hed i | data. The calculations were L_HF.10
[

carried out on an IBM 370/158

:‘))slems, lf:c.. Bethesda, Maryland. The ocoeflicients

by Opui
were determined
dita -

ol ©

g more complex dinch

tiple buoyant merging plumes with current.

Data fur thia tuning Process were taken
» L from [10, 15-17]. In tuni
the model for single buayant plumes, it was found that the hnnm:r‘::

e
=
with single momentum et dara without curnm:-mre-b‘ (7 mull‘- g -
a
g
=
fit could he obtained with a1 =0.05a;=00,anday = 115 Better B

fittoa case could he ob

2 by adi
for each type of flow, but this d "

model. In irying 10 model the multi P
n ple-port data f
I\fnnberg [10]. it was found that good m;m:::m ?:Z!l:r
‘t;:cd for both trajectory and dilution by adjusting a5 alone. partic-
ly for closer port spacings. hu-asl'nundduudn; force term had
P s e

tuded i

£0 be i inthe

ment cnuld be cbtained. The drag force mauu;u.-d whea
of phume size, spacing, and ambient current dynamic head. Foi the

unmerged plume this gave
b yby U2
Fo=Cp- (=) ==
p=toz (L) 7N
for the merging plume
2
Fp= Cp El‘_ N
T 2
where

N= VNITNITRG

and

N1 = c0s? 8, 3in 9, cos 0,

N1 = 5in?6, + cos 6, coe? 6,

N3 = 4in 61 cos 0, 3in 8,
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The port spacing is 2.5 dia; values for discharge Froude numbers of
the order of 10 and 60 are shown. The data points represent the mean
of the experi } multiport data d in refe {10}, The
lines are predicted values fram the madel described in this paper. Fig.
4 presents similar information for R = 0.5. The agreement is seen to
be quite good. Fig. 5 ia a plot of phame trajoctory for the foregoing
cases. Again both experimental valees and model predictions are
shown. The agreement is very good far the high-current cases but not
a8 good for the low-current cases.

Excess temperature decsy along the plume center kine, s/D, are

Jectory and width within the experimental Froude number ranges of
reference {10].

Conclusions

The model p d here fully treats the ing of sdja-
cent round jets from a row of equally spaced ports into s pseudo-slot
jeLin a manner that is more than uther methads adv d
in recent years. Use of the model gives better agreement with exper-
imental dats than other models idered. The model requires ad-
ditional terms in the entrainment function Lo sccount for competition

shown on Fig. 6 and 7 for horisontel
for discharge Froude numbers of sbout 10 and 60. The port spacing
in this case is 10 dis. For comparison, the experimental velues of
reference [10] are plotted along with predictions from the Koh and
Fan transition model, the Jirka and Harleman equivalent slot model,
and the merging mode) described here. The Kob and Fan and Jirks
and Harleman models rely on it coefficients d ined
for single round end slot jets, respectively. While it is possible Lo
change the entraimment coefficients of thase models, it would not be
consistent with the nature of thow models, nor would refiable pre-
dictions be ob d for port i Therefore the en-
i coefTicienta d by the resp authors were used
in the ather models. It is seen that the transition model and the
quivalent slot model, although giving ble values. both over-
predict the measured dilution, whereas the merging model does much
better. The final two figures, Fig. 8 and 9 show trajectory and width

of ining fluid and foc the reduction in the entrainment ares of
the jet as ing p Unlf 1y, agi with cross-
Niw data could nut be obiained for multiple jets without the addition
of a drag term and a corresponding additional cuefficient. The values
of these coefficients were easily determined by comparing data from
progressively more complex flow cases with model predictions.
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G. H. Jirka®

Kannheeg emd Davis address two important points in the design
and analyvis of muttiple-port diffusers: {1) What is the mechanism
of jet merging and how to model it1? 2) What is the effect of jet
merging on ehe mixing capacity of such diffusers?

1) Thelteral nierging of the individual jets emanating from the
diffuser noeales appears 1o be a complicated process. As the jet
ixindaries appeaach cach other. the space for the entrainment flow
is fimited hetmeen the Jets leading to low pressure zones and dynamic
attachment effects. The turbulent diffusion characteristics change
fram an axiswmetric shearing zone to a two-dimensional one.
Clearly, jet inmegra} technigues, with their assumptions of jet similarity
and hydrustatic pressure distribution, can describe this transition in
un appruxsmsty {axhion only. Kannberg and Davis’ profile specif.
cation in the transition region 8 hle approach in

this directivm and has advantages over Koh and Fan's earlier model,
inaxmuch as it avoids abrupt changes in the center line temperature
prediction. Guestions, however, remain as w the choice of the en.
trainment caefficient (two- or three-dimensional value) and the as.
sumptions of & turbulent Prandt] number of unity, which is in con-
tradiction wiah experimental observations on jets and plumes. The
pressure effert on the merging process caused by ambient currents
is even mure difficult. The form drag assumption, equation 34),
proposed by she suthors seems a tenuous one in view of the com-
plicated geemetry. Such madel deficiencies, however, could be cor-
rected through the hest-fit choice of the drag coefficients, at least
within the pacameter range of the author's experiments.

2} The hasic argument of the two-dimensional slot diffuser
ciacept. as ased in the model by Jirks and Harleman [4], is that be.
vund the line of merging the flow field of the actual multiple-port
diffuser in equel to that of a slot discharge. Or in other words, the
initial three dsmensional details have no distinguishable effects at
longer distemoes. This concept is physically reasonable, as the
equivalent clet difTuser has the same kinetic energy input per unit
length, which & ulti Ty ded in turbulent jet mixing. This
behavior of leerally limited Jeta is in analogy with the noazle shape
effects on free smrbulent Jets in which, after a certain charscteristic
distance, the imitia) shape effects are no longer felt and all Jjets ap-
proach an wxisymmetric shape (Sforza, et al. [22]%, experiments by
Yevdjevich veposted in [21]). The equivalent slot concept is usefu]
for diffuser cessification as the number of governing parameters is
reduced. It has been found of sufficient v fi itipl

Compered with Journa! of the Air Pollution Control
A st . Vol. 19, Na. 8, 1900, pp. 58580,
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nation with the limiting water depth st usual disposal sites gives rise
to dynamic instabilities in form of a rnu'mnhﬁngaddynundiu over
the entire water depth. This discharg diti be enalysed
bymunol-impbbtq:nljet-ﬂehumbymnm
Stability criteria, which depend on relative water depth, discharge
Froude number and angle, have been developed by Jirks and Harle-
man |4, 24] and are plotted in Fig. 10. Multiple-port diffuser designs
for cond: hest discharg Uy fall into the ble diach
range. The practical application of the stable range, in which the
authors’ model is applicable, relates to sewage and blowdown dif-
fusers, usually with higher buoyancy and lower flowrates.

Additional References

22 Sforza, P. M. Steiger, M. H.. and Tentracosts, N., “Studies on Three-
Dimensional Viscous Jeta,~ AJAA dowrnal, Vol. 4, 1968.

23 Buhler, J.. “Modet Studies s» Mubtj Outfalls in U, ified,
Stagnant or Flowing Ambient Water.” PRD thesis, Depastment of Civil Engi-

for ple-port
diffusers by Liseth [8) and more recently by Buhler [23). The lack of
agreement whirh is indi. d by Kannberg and Davis’ i
may be due 1o equipment effects, since the horizontal momentum
input of the jes is likely to cause some circuletion and possibly re.
i ma (inite size labors: Y facility. This may aceount for
the lower ceagerfine temperatures which were observed.
Finally, scme cavtion has to be d ding Kennberg and
Davis’ introdectary cleim that their analysis is applicable for the
predictions of cond heat discharg, from electric power gener-
ation. In fact, dhe low buoyancy of such heated diecharges in combi-

¥ Massachusems Institute of Technology, Cambridge, Mass.
3 Numbess im hanckets desi Additiona] Refs at end of discus-
sion.
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Authors’ Closure

We appreciste Dr. Jirka's taking time to comment on the analysis
udmhdththevahml:hnl-hthhunﬂ.bm
fulnfnpoinuuedwhfwﬁachriﬁed.

A unity turbulent ding was imtroduced into the
Myﬁbmhhimﬁnm‘dmmunmd'dodty
mier.mwmmuﬁimymbcuﬂyhmm
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it is felt that the errars introduced are minor in light of the complexity
of the problem.

and have a development Iemhwhenu'nlenwnmnl.bqinwdeay
of about 6 f. The equivalent shot for this systesn has a width, B, of 0.08

The equivalent siat concept is a useful h in analyzing the . Therefc atuncndoll!\emulnimhj:l(!cvdomtm
'Qf""".’:'i i i diach but aa with most wherelhen_umpenwn.udl{nudwdlb-o&meeqm:m
t'.“"l:-ﬁed nulys::;emlimh arl use should be understood. The  slot is at an s/H of 75 where it p. an excess
;:::nmenlnl premise behind the equivalent alot is that beyond the order t:l"(').?. the devel I ) abo
point of menging the plumes from 8 row of equally spaced jets become .ln : ‘;‘u he devel n p . entra pho
the rame a3 the plume from a siot jet having the same mass and mo-  different for the

mentum flux per umit length as the multiple pu ‘This presumnes that
up ti the point of tng, the mixing h " ul:lhetvomlhe
same, and of courne they are not. The effect of this dlﬂ‘ennu'on %he
ultimate diluticn weasld he mimor if the major purtion uf the dilution
occured after mergimg. This would either be for I.‘nrle distances away
from the point of discharge or for closely spaced discharge ports. Most
revearchers realize this. For example, Liseth [8] suggested the use of
an equivalent slot far closely spaced ports lnd only attempted to
compare results at v/ = 80. For an L/D) = 10, this at a y/D = 800. At
this puint the dilution is so great that the excess Ien{penlure. re-
gardless of huw it is eslculated, is usually no longer of interest.

In the near and istermediate field where most of the data reported
in this paper were taken, the story is different. One of the causes of
this difference ir the development length. To illuslrn_e, cfmslder a
diffuser with 1-ft dia ports spaced 10-ft apart discharging m}n stag-
nant water. The jets far this system merge ahout 30 ft from discharge

25(0.082)bu, and 2(0.16)Lu, for Lthe round and slot jets, Wy
{3]. For the le case idered in the fc 'thedotpun-
trainment is 3.2u, while the round jet entrainment varies due to plum
growth from 0.26u, at discharge to 2.6u, at merging. 'nn-.' even
though a multiport discharge merges into essentielly a l:wo-d.llnen-
sional plume where the individual character of the original jets no
longer exists, its properties are different from those of & plumf lh.at
originated from a slot. As a result, the authors feel that Un indis-

imi use of the equivalent slot to model multiple port diffusers
could lead to gross errors.

We agree wi‘l.h Dr. Jirka that the present model should not be used
in shallow stagnant receiving water where surface effects and insta-
bilities are present. In flowing ambients, Im-wer..ev_en at low veloc-
ities these effects are reduced and in some cases eliminated. In many
cases the receiving water is sufficiently deep to use the model to
predict the major portion of the plume’s characteristics.
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11. THEORETICAL ANALYSIS OF THE PDS PROGRAM

THBORETICAL ANALYSIS OF THE PDS PROGRAM

The theoretical analysis used to develop the three-dimensional
surface plume program (PDS) is based on an earlier model by Prych.
It was modified to its present form by Davis and was tuned to data
by Shirazi, hence PDS (see "Workbook of Thermal Plume Prediction-
Vol.2-Surface Discharge," Environmental Protection Agency Report
EPA-R2-72-005b, May 1984 by M.A. Shirazi and L.R. Davis).

In order to make the results of the mathematical model more general
and independent of any particular system of units, the governing
equations and all calculated plume characteristics are made
dimensionless internal to the program by dividing all length
characteristics by H,, the discharge depth; velocities by U,, the
discharge velocity; momentum, pressure, shear and drag forces by
U, H.?; the flow rate by UM ?; diffusivity by UH,; excess temperature
by (T,-T,)., the initial discharge to ambient temperature difference;
and the kinematic heat transfer coefficient by U,. Input variables
are entered in metric units. They are then non-dimensionalized as
specified above. All calculations are made. Output is then
converted back to metric units. Different units can be used by
changing the non-dimensinalization units.

The method of analysis is an integral approach which assumes
similarity of temperature and velocity profiles and the principle
of entrainment The profiles assumed are Gaussian such that:

T, = Texp(-n?/B?) exp(-2?/H?) (1)

U, =Uexp(-9?/B?) -exp(-22/H?) + VcosB (2)

where n and Z are distances perpendicular to the plume centerline
in the lateral and vertical directions, respectively, T and U are
the Centerline temperature and Velocity respectively and V is the
ambient velocity as shown on Fig. 1.

With the temperature and velocity profiles assumed, the energy,
volume and momentum fluxes can be integrated across the plume at
any cross section leaving them in terms of centerline values and
plume characteristics width, B, and Depth, H. Accordingly, the
volume flux becomes
- - u
0 = ff (v, dndz= =B ( + veos®) (3)
where the limits of integration for V cos 0 are taken as the bottom
half of the region:

Solving (3) for U, yields

Ayze(Z )2
(,/za) +(ﬂﬂ) <1 1)




U=2 (-ig—B-Vcose) (5)
The heat flux, J,is:
- =X v -
g = [[ ur.amdz=Z 188 (J+veose) = L (6)

The momentum flux, M, is:

N H‘u:dqdz xBH ( + Vcos@)? ‘:9571 7

The quantities daQ/ds, dTr/ds, and dAM/ds are calculated from
congervation equations. dQ/ds is assumed to be due to
contributions of jet entraimment and ambient turbulent mixing,
thus:

d
£- 8- 8.
The jet and ambient contributions are both divided into vertical

ind horizontal components. The horizontal jet entraimment fluid
S:

1]
%?IJ'.=ZB° [ avaz (9)
/I8
where
AU = (U?+V?8in?0) Y2 exp (-22/H?) (10)

and E, is an entrainment coefficient. By inserting (10) into (9)
we obtain:

%gb,, = JRHE_(U? + V2 5in@) /2 (11)

The vertical jet entrained fluid is:

Vs
21, -2 [ 500, az)
°
where E = Ef(Ri) and Ri is the local Richardson number given by:
R, = Y2 HT(5.9.0) 13
‘TR o

The function f(R,) is a curve fit to data. 1It is:
The velocity difference AU, is given by:

[ ) o
f = [exp(~-SR,) ~0.0183}/0.982 (14)
AU, = [u=e3cp(-2q=/8’) +V28in?@]172 (15)

The term T is the surface excess temperature at a distance n from
the plume centerline. The value of the integral (12) is determined
numerically in the program.

The effective entrainment due to ambient turbulent mixing is
calculated as follows:

a0, . H_ €
?.E“"’ 11.05 A, (16)
B - 11.0%%;{-1’(1?}) (17)
(4

where €, and ¢, are the horizontal and vertical turbulent diffusion
coefficients, respectively.

The change in heat flux along the plume due to heat exchange with
the atmosphere is expressed as:

vin
a7 . _ - (18
-2 { KT.dn = yRKTB )

where K is a dimensionless heat exchange coefficient. Substituting
{(18) into (10) yielads:

ar . 1 do
s Q(ZﬁKB+E) (19)

The conservation of momentum is applied in the s-direction and then
divided into X and Y components. The net forces on the plume are
balanced by the change in momentum flux. The forces considered
important are (a) the internal pressure forces due to buoyancy, (b)
form drag due to ambient current and (c) interfacial shear forces.

The pressure forces are found by determining the excess pressure
due to buoyancy as a function of depth and then integrating the
pressure over the vertical cross section of the plume. Thus, the
normalized pressure force is:
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The form drag acting normal to the plume centerline is éssuned
similar to the drag on a solid body such that

F,= %ﬂc,nv]v] 8in?@ (21)

where C, is a drag coefficient. -

The interfacial shear forces are assumed to be similar to turbulent
flow over a flat surface with a boundary layer thickness of (2)YH
and a velocity equal to the vector velocity difference between the
plume and ambient current. Accordingly, the X and Y components of
this shear force reduce to:

vis .
SFy = Cr(rt-a)‘/‘f AU*[Vvein*0-Ucos@exp(-v4?/B)1dy  (22)
[}

/18
SFr = 'C"%ﬂ)"‘f AvY/*[vcos®-Uexp(-n?/B?) 1dn (23)
[]

where C, is a friction coefficient and R, is the jet discharge
Reynolds number. The value of C, is determined by experiment.

The change in momentum flux includes the effects of the momentum of
the entrained ambient fluid, V(dQ/ds), which acts in the X-
direction. Equating the forces to the change in momentum flux in
the X and Y directions yields:

5 (0P coB0] = SF,+ F,8in6 + VdQ/ds (24)

% {(M+P) 8inB] = SF,,V-F‘,cose (25)

Using equations (7) and (20) for M and P, multiplying (24) by -sin
8, (25) by cos 6 and combining yields an expression for the change
in flow direction,

& _ SF,cos0-SF,8in0-F,Vsin@ (do/ds)

ds 9 . /% map 126)
2
(-4

Differentiating M and P, multiplying (24) by cos 8@ and (25) by sin

6 and combining yields equation (27).

%f = [SF,8in@ + SF,co80 + (Vcos8-20/ xBH) (d0/ds)
- (VR BH?/2F3) (dT/ds) + (Q*/xBH - JRH*/ 2F}) (dB/ds) ] (21
[yRTHB/ 2F2 - 03/ aBH3] !

It is noted that this expression for change in depth is undefined
when the denominator is zero. Hence, results beyond this
singularity are questionable.

Momentum in the lateral direction is included only indirectly
through lateral spreading. It is assumed that the contributions to
spreading by non buoyant horizontal jet mixing and buoyancy are
independent of one another such that

2-@.0@ 0 e

where the subscripts b and nb denote buoyant and non-buocyant terms.
the non-buoyant spreading is found by writing equation (27) without
the buoyancy terms and assuming that

ds/ds\ .
ST, = (B/H (do/ds) ./ (do/ds), 29)

where (dQ/ds), and (dQ/ds), are the horizontal and vertical
entrainment rates.

dB SF,sin@ + SF,cos0 + (VcosH - 20, do
). -

”BH ds (30)
-{0?*/ nBH) [(dQ/ds) ,/(dQ/ds) y+ 1]

The spreading due to buoyancy is assumed to be a function of the
local excess density ratio, plume depth and aspect ratio such that

(%)b - I ——%;_ - (31)

It is noted that this also has a singularity. Due to B/H usually
being large, this singularity is not encountered in most problems.

The preceding equations are sufficient to perform a step-wise
integration along the plume. From the local conditions of the
plume, dQ/ds is calculated. When this is known dT/ds, d0/ds and
dB/ds are calculated. With these known, dH/ds can be calculated.
These derivatives are integrated step-wise along the plume




trajectory to give local values of X, Y, T, H, B, 0, and Q.

In order to start the integration within the developed zone where
the above analysis is valid, starting conditions must be
calculated. These are determined by a simplified analysis of the
development zone and assuming that the development length is given
by the equation

; a2} X
Sy 5.4(—“,-0) (32)

where A is the discharge flow area and F, is the discharge
densimentric Froude number.

COMPUTER PROGRAM

The PDS program is written in FORTRAN 77 and consists of a main
prggra.m entitled PDS and five subroutines, KHPCG, AREA, FCT, RED,
and OUTP.

The main program, -PDS, prompts the user for input variables,
initializes constants, non dimensionalizes the variables and calls
subroutine KHPCG which performs the actual calculation. Subroutine
KHPCG is a standard scientific subroutine which performs the
stepwise integration of differential equations by the Hamming
Predictor-Corrector Method.

Subroutine SIGMAT is a subroutine that calculates the density of
the water as a function of temperature and salinity. It is an
empirical curve fit to data.

Subroutine AREA is a step-wise integration of the area enclosed by
surface isotherms. Subroutine FCT calculates the derivatives of
the program variables which are used in KHPCG. Subroutine RED
calculates the reduction in the vertical entrainment coefficient as
a function of local Richardson's number.

Subroutine OUTP converts the desired variables to dimensional
quantities and prints them out at each integration step.
INPUT AND OQTPUT
Input is interactive with the terminal. The user answers prompts.
After a run, the user is given a chance to change any of the input
variables and repeat a run. The input variables required are:
1) A run title (one line)

2) The discharge flow rate in m'/s

3) The discharge channel width, m
4) The discharge channel depth (assumed rectangular), m
5) The ambient current, m/s

6) Discharge angle relative to the current, degrees (zero
. is downstream and 90 is perpendicular to current)

7) Discharge water temperature, C
8) Ambient water temperature, C
9) salinity, ppt (both discharge and ambient assumed the
same) . If fresh water, use a small salinity such as
0.01.

~ 10) Surface heat transfer rate (you are given three
choices, mild, average, or severe. This has 1little
effect on temperatures or dilution in the near field)
11) The distance downstream where simulations are to
stop. (The program stops when this value is reached or
you have 20 pages of output or when the excess
temperature is .005 of the initial excess temperature.)

The output consists of the following:

1) X, distance downstream in the direction of current, m.
2) Y, distance perpendicular to current, m

3) Centerline excess temperature (temperature above
ambient), C.

4) Time of travel to this point along centerline, sec.

5) Q/Q0, average plume dilution, total flow in plume
divided by discharge flow.

6) M/Q0, minimum dilution at plume centerline.

7) DBEPTH, plume depth, m (2 standard deviations of
Gaussian curve)

8) WIDTH, plume with, m (2x2Y/? standard deviations of a
Gaussian curve)

9) AREA, surface area within specified excess temperature
isotherms, m’. These are given for each 1/2 degree of
excess temperature. (If the simulation is terminated
before a particular isotherm is reached on the plume
centerline, only a partial area is given)




PLRASE NOTE: The program does not keep track of receiving water
boundaries, i.e., shore or bottom. The user must check to see that
the plume does not attach itself to either shore or bottom by
following the trajectory, plume width and depth. Bimulations
beyond these attachment points are in error due to changes in
entrainment.

The program has been tuned to a wide variety of data and agrees
with the average of these data as outlined in the reference given
at the beginning of this paper. It may not agree exactly to each
specific case but should give reasonable answers if boundaries are
not encountered.

The program checks its own accuracy at each integration step. If
the accuracy is poor, it repeats the calculations for that step
with the step size cut in half. If the accuracy is still poor, it
continues to half the step size until it reaches satisfactory
accuracy. If it cuts the step size in half 11 (eleven) times and
still cannot achieve specified accuracy the program stops. This is
usually when the user has input bad data. It also occasionally
occurs for certain combinations of current, density difference, and

discharge direction. when it does, try changing input variables a

small amount.
RUNNING THE PROGRAM

1. Copy the PDS._EXE file on one of the source disks to one of
your formatted working disks or to your hard drive.

2. Store the source disks in a safe place.

3. Put the working disk in your computer's A: drive if you are
working from floppies and type A:PDS.

If you are working from your hard drive, change your directory
to the directory where you copied PDS.EXE and type PDS.

4. Answer all questions regarding for your particular discharge
and ambient conditions.

5. When the program prompts you for am output file, type in the
name of an pop existing file where you want the output to be
stored. If you do not want the output stored and just want to
see the results, type CON or TTY. This sends the output to
the screen. You can also send the screen output
simultaneously to the printer by pressing CTRL and PRINT
SCREEN at the same time before running the program.

6. At the end of the run, the program will prompt you for further
input if you want to change any of the existing input
variables. If so, make the changes and it will re-run the
previous case with your new changes.

7. If you want a hard copy of your output when you are finished

and have not done so while running, type COPY filepame PRN
where filename is the name of the output file you specified.
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I. INTRODUCTION

The water poliution problem, created by continuing population
growth and industriai development, menaces the balance of the
ecosystem Earth. To maintain a liveable environment, man must
apply effective measures of water poliution control and should
try to predict the ecological consequences of the discharges of
waste heat into various bodies of water.

Rivers and streams are mostly used as conveyance channels
for the disposal of industrial, agriculturai and domestic wastes.
Waterways have traditionally performed this function for many
centuries. If poliufion is not controlled, however, the availability
of water for other more important uses may be sharply reduced.
In order to control pollution, the release of potentially harmful
contaminants and heated effiuents into waterways must be
regulated so as not to exceed the capacity of the stream to
maintain the concentrations of contaminants and overall average
water body temperature rise within permissible limits. Water
pollution is a very complicated problem that invoives many fields
in science and engineering. in this study, the lateral mixing of a
neutrally-buoyant poilutant in an idealized fixed-boundary
meandering channel flow is investigated for the purpose to
improving the understanding of the hydrodynamic behavior of
polluants in natural streams.

Natural mixing due to turbulent and convective transfer play
an important role in river ecology. The ability 1o predict lateral
mixing is important - to watér poilution control. It directly
affects the location and design of effluent systems. Furthermore,
longitudinal dispersion depends on the combined effects of
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longitudinal convection and lateral mixing. However, most of the Il. REVIEW OF FORMULATION
past studies have been limited to the idealized geometries of
straight channels and long continuous bends, and are therefore .
inadequate for describing the lateral mixing phenomenon in
natural streams.
In this study, a computer program, capable of taking the 1. Comment of Formulation
lateral mixing phenomenon in any channe!l shape into account, will
be presented. It can be used to determine the maximum shoreline The formulation of the equations for thermal and mass diffusion
concentration, the contaminated surface area and the maximum are the same, except heat can be dissipated at a free surface into air
length of a mixing zone given within specified isopleths by convection. This ditference will be discussed later. In the
discharge conditions. following derivations we shall use the concept of dispersion to
formulate a plume pattern in a river without the consideration of
convective heat dissipation into air.
2. Convection-Diffysion Equation
To derive the dispersion equation, one of the most direct
theoretical ways is based on the principle of conservation of mass.
Consider an arbitrary volume as illustrated on Fig. 1 in a flow field
of which dV is a volume element, dS is an element of surface area,
-
where n = unit normal vector directed outward from surtace of
-
contro! volume, and y defines the velocity field. The rate of change
of mass M of a tracer mixed with water in the control volume is
oM Rate of change of mass Rate of change of mass
= = +
&t due to convection due to diffusion
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Fig. 1. Control Volume of A Flow Field

Where M is the mass of a conservative trace. Expressed in integral
form

M - — -
ot - -pLCu-ndS + psemvc-n ds (1)

where p = mass density of dispersing substance, C = its concen-
tration by weight, and €m = molecular diffusion coefficient. Noting
that

M d P
*_, 8 <ol € 4v. 2
dt pdtijdv pLatw 2

and applying the divergence theorem whereby

Cunds = [ v-Cuav (3)

and

[ enven os = [emvicav (4)

- 5.

Then the equation for the conservation of mass of the dispersant
becomes

-
X ,v.Cu=e,vC . (5)
ot
: -
But, if incompressible flow is assumed Vu = 0, so the above equation
further reduces to

g—c:-+u.VC=e,,,V2C (6)

For turbulent flows, it is customary to resolve the instantaneous
concentration and velocity into sums of time averaged and
fluctuating components, employing the Reynolds averaging procedure

C=C+C
(7)

U= Ui+ U

where the subscript i denotes the i'th coordinate direction. The
averaging period is sufficiently long to permit the averages of C' and

u; to converge to zero, but not so long as to significantly damp the
variation of C with respect to time. Also in turbulent flows, the
contribution of molecular diffusion is usually negligible to the
mixing process. So that it is customary to discard the molecular
diffusion term. Eq. 6 for turbulent flows then becomes, in Cartesien
tenser form,




X~ 3o
at"“‘a—xi = —a—XiC y; (8)

where x; represents distance and i = 1, 2, 3, indicates the direction
in a rectangular coordinate system, respectively. By analogy with
the Boussinesq eddy viscosity concept, the concentration velocity

covariance is usually represented as a gradient-type transfer term

aC
- eij a—xj (9)

O
£

It it is assumed that the principal axes of the turbulent diffusion
tensor €jj coincides with the axes of the coordinate system, Eq. 9

can be simplified to

aC
X

—

Cu=-g = (9-a)

where g; is a scalar quantity, interpreted as a local coefficient
for the turbulent transfer of mass in the ith direction.

Substitution of Eq. 9-a into Eq. 8 , expansion to conventional
rectangular Cartesien notation, and dropping the averaging bars,
results in the usual form of the general convection-diffusion

equation for a conservative substance in a turbulent open-channel
flow

aC aC d aC
'a—t+“i-ax—i=-—_(€i—f) . (10)-

-7-

Now, consider the disbersion process for a neutrally buoyant
dispersant under conditions of uniform flow in a straight channel of
constant cross section. Choosing a coordinate system such that the
indices i = 1, 2, 3 indicate respectively the direction of flow, the
direction normal to the channel bed and the transverse direction as
show on Fig. 2

24
3 I N N N N N N N N
-\ Channel Bed
1 (river flow dlrectlon)
Fig. 2 indications of a Rectangular Coordinate System

For a uniform flow in a straight channel of constant rectangular
cross section, the basic flow and turbulent structure do not change
with respect to the direction of the flow, and the velocity
components us and ug are of secondary importance. Furthermore, it
is to be expected that £, is independent of x4, although it may vary
with x5 and X3.

Finally, the dispersion equation can be rewritten as
X, ., X 1&,,1( Z)t(aX] o
at x4 aZ X2 ox3

The next step is to change the Convection-Diffusion equation by
using orthogonal curvilinear coordinate instead of the Cartesian
Coordinate system.




DR R

-8-
3. Ot L Curvil Coordinate S

A schematic of this system shown in Fig. 3, is set up by three
mutually orthogonal sets of coordinate planes which were called
longitudinal, transverse, and horizontal coordinate surfaces by
Yotsukura And Sayre [9).

For a natural river channel, the longitudinal and transverse
coordinate surfaces are vertical, typically curved, and nonparaliel.
But the horizontal coordinate surfaces are all paralle! horizontai
planes. For the best advantage, it is suggested to align the
longitudinal coordinate surfaces , at least approximatly, in the
direction of the depth-averaged total velocity vectors.

4
%
Werizomtel /Y5 Dapth
coordinate % % | 4y by %
swefeces \ ]
P
— =0

" Fig. 3 Orthogonal Curvilinear Coordinate
System for a Natural Channel. [9]

-9-

The origin 0, is located at the intersection point of three
specially selected coordinate surfaces as already shown in the Fig.
3. The X-axis is defined as the intersection of the longitudinal and
horizontal coordinate surfaces (positive in the downstream
direction). The Z-axis is the intersection of the transverse and
horizontal coordinate surfaces (positive to the right bank), and the
Y-axis is the intersection of the transverse and longitudinal
surfaces (positive in the upward direction). The x and z coordinates
of a point C in the Fig. 3 are defined as the horizontal distances Lg,
along the X-axis, and Loy, along the Z-axis, respectively. Therefore
all points on a transverse coordinate surface have a common
coordinate value x, and similarly, all points on a longitudinal
coordinate surface have a common coordinate value z. The coordinate
value for y is measured vertically upward from the X-Z plane.

Because of curvature in the channel alignment and/or variations
in width along the channel, horizontal distances, measured along
different longitudinal (or transverse) coordinate surfaces from one
transverse (or longitudinal) coordinate surface to another, are in
general not equal. In order to take care of this situation, we may
introduce the metric coefficients my, and m, to correct the
differences between distances along the respective axes. As
illustrated in Fig. 3, the horizontal distance along the longitudinal
coordinate surface from B to C is obtained by

X
Lo = Lm,dx

and the one along the transverse coordinate surface from A to C by

Lac = Em,dz
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The vaiues of my and m, may vary from point to point and are in
general function of both x and z, except that m, = 1 on the X-axis and
mz =1 on the Z-axis. Other values of my and m, can be estimated
from a sketch like the upper one in Fig. 3 by the relationships My =
(ALy)/AX and m; = (A L,)/AZ, where AX and AZ are distances along the
respective axes.

In the curvilinear coordinate system for a meandering channel
the metric coefficients are

my = 1 + 2/ro  for a bend curving to the left
= 1 for a straight reach } (13)
=1 - 2/rg for a bend curving to the right
my=mz =1

where re is the radius of curvature of the bend at the channel axis
and the longitudinal coordinate surfaces are circular cylinders
concentric with the X-axis. The positive sign in Eq. 13 is for bends
curving to the left looking downstream and the negati\)e one is for
bends curving to the right. ‘

Experiments show that the metric coefficient m, in a channel
with converging or diverging banks has an approximate relationship
which is expressed as

m; = B/Bg

where B is the channel width measured along a transverse
coordinate surface of interest and Bo is the width along the Z-axis,
wherein the longitudinal coordinate surfaces are more or less
equally spaced. Furthermore, if the angle of convergence or
divergence between two adjacent longitudinal coordinate surfaces is
less than 30°, the distance between these surfaces along a curved
transverse coordinate surfaces is closely approximated by the linear
distance between the intersection points.

-11 -

In Eq. 13 it is interesting to observe that when ro goes to
infinity, that is in a straight channel, m, reduced to 1, which means
that the coordinate system reduces to a rectangular cartesien
coordinate system.

When we switch the diffusion-dispersion equation from the
Cartesian Coordinate sysiem to the Orthogonal Curvilinear
Coordinate system, we shouid note that integration or differen-
tiation of a function along a curved coordinate surface is always
related to an infinitesimal distance; in this case , dlLy, dLy, dL, are
equal to mydx, mydy. m,dz, respectively. We may see the main
advantage of the orthogonai Curvilinear Coordinate system over the
Cartesian Coordinate system is that the diffusion-dispersion
equation for natural channeis can be expressed in a simpier and more
rigorous representation. So after switching the coordinate, the
ditfusion-dispersion equation is given by

my mza—c-+—a-(mzu'C)+ m, m, :%(V’C)+ %(m,‘w’C)

at  ox
2 (M, X a( ﬁ) i('_“_l _69) 14
_ax(mxe,ax)+m,mzay E’ay t 52 sz’az (14)

the variables u’, v', w' are local velocity components in the
curvilinear coordinate system; €y, ey. €, are local turbulent mass
diffusivities, where the subscripts x, y, z indicate alignment with
longitudinal coordinate surfaces, vertical direction and transverse
coordinate surfaces, respectively.

4. Two Dimensional (Depth-Average) Equation

After integrating Eq. 13 over the depth of flow from the bed
Yp(x.2.t) to the water surface Yg, the two dimensional convection-
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diffusion equation can be obtained. The process of this integration
was carried out by Leenderste 3] and Holley [2] by using Leibnitz's
rule.  Neglecting the detail of the integrations, the resulting depth-
integrated equation is

my mza%'(dCHaa—x(m,d ulr+ aa—z(m,d wC)

- - (15)
=_a_(_m_zd5‘£],,_a_(ﬂ a 5199]
ax \ my ax ) dz\m, 9z

In the previous equation d is the averaged-depth across the channe!
and E, may be designated as the longitudinal mixing coefficient,
which includes the combined effect of depth-averaged turbulent
diffusion and convective dispersion, i.e., Ex = £4+Ky. E, is defined in
the same way. Like before, all terms with a bar are designed as the
depth-averaged quantities.

Before we introduce the cumulative discharge system, we would
like to eliminate some terms from Eq. 15.

1. For most discharge effluent cases, the operations are
usually under steady state conditions. In this paper we are
not interested in involving complicated unsteady state cases.
So the time derivative terms can be dropped from Eq. 15.

2. 1t is well known that the dispersive transport, (Ey/my)dC/dx,
is reiatively small compare to the convective transport vC in
an unidirectional flow. Furthermore, Sayre and Chang [6]
proved analytically that longitudinal dispersion has very
fittle influence on the steady state mixing process in a
straight, rectangular channel, except near the source.

Under steady state conditions, the longitudinal mixing term and

the time derivative term both can be dropped out from Eq. 15,
yielding: .
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s 55 L - 2[mTeE)
a—x(mzduC)+ az(m,‘d wC = 32 \m, 23, (16)

Obviously, u, w,C, become not only depth-averaged but time-
averaged quantities. And aow let us introduce the space cumulative
discharge system to simplify Eq. 16 to a more condense form.

5. Space Cumylative Discharge System

A solution of the equations given in previous sections is given
in P, P. Pailey and W. W. Sayre [4]. It is repeated here with few
modifications for completeness.

It is very helpful to simplify the dispersive convective equation
if cumulative discharge system were used. The space cumulative
discharge is defined as

qc=rmzdudz (17)
24

where mzd—u represents the unit width local discharge which was
suggested by Yotsukura and Sayre [9]. The integrated steady-state
depth-averaged continuity equation can be expressed as

d o 0
s;(mzdu)+ ;(m,d w =0 (18)

First integrate the continuity equation with respect to z from the
left bank z4 to z to obtain

—;v. - a o 9qc (19)
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by making use of the Leibnitz's rule and the conditions that U = W = 0
at z4 with z independent of x. Next substituting the redefined
integrated continuity equation and cumulative discharge system
equation into Eq. 16 we get

mdul _ %L _ .2.(.'_"."._55 5‘9.] (20)
x  ax az az{m, ‘az

Finally, let E(x.z) be replaced by E(x,qc) by using the chain rule of
partial derivatives so that Eq. 20 reduces to

X%

=
- E;{m,dzuEzgq%) (21)

The above equation can be normalized by substituting p = q/Q; into
Eq. 21. Thus a normalized diffusion equation can be obtained as

x _ ald%uEx (22)
ax ap QZ ap

where Q; is the total river flow rate at the location. If we assume
that '

d2uE,= G?D

in which D = transverse diffusion tactor, a constant to be discussed
in the following section, the dispersion-convection equation can be
more simplify to the form ot a simple one-dimensional diffusion
equation '

ﬁ = Dig (23)
ox apz
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6. N ical Predicti (G ion_Distribuli

The profiles for velocity and concentration distribution are
assumed to be described by the Gaussian function

1 _ 2
f(p-g ;%) = = (-0 (24)

The general form of the solution for a constant effluent discharge
from a relative source strength distribution function Ci({,0) at x = 0
is given by

=1
Clp.x) = J:o Ci (€.0) f, (p-{ ; x) df (25)
in which f¢ (p-§ ; x) is given in Eq. 24 for a continuous source of unit
strength concentrated at p = {, x = 0. The initial dilution factor for
nearfield mixing is defined as :

A = e=— (26)

where C, is the initial concentration of the discharge plume at the
origin of coordinates, x = 0, p = 0, at the discharge bank of the river,
this is just far enough downstream from the outfall so that at the
origin the initial nearfield mixing has taken place. The fraction of
the total river flow rate initially mixed with the discharge effluent
at the origin is

Qo
= g2 27
P a_Q, (27)

in which Qg = volumetric rate of effluent discharge, Q, = total river
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flow rate. Refering to Fig. 4 in which the variable ‘C represents the
displacement from the origin in the p direction {obviously p = 0 at
the outfall discharge bank, p = 1 at the opposite bank),

C(p.0) f

Co(p.0)

p=0 P > p=1

P =qd/Q,

Fig. 4 Definition Sketch for Initial Conditions

then the initial transverse concentration distribution at the origin
X = Q, is

Ci.o -:—9 ; 0<fsP

(28)

Ci o 0 . P<(s1

Inserting the initial conditions specified by Eq. 28 into Eq. 25,
yields:
Cipxr = J: f (p-C : x) o (29)

Since the plume is assumed shore attached, the momentum of the
plume may be reflected from the banks, then the term inside the
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integral of Eq. 28 expressed in normal standardized form as

f, (p-{ :‘x) =-—1—(-l—exp(—§i)) (30)
' op \V2r 2

in which s = (p-C)Icrp = the standardized normal variable, and

Op=42Dx = the standard deviation in the p-domain. Secondly, if
reflections from the banks are taken into account, the method of
images may be used to account for it. Considering infinite image
sources and taking account of the ambient conditions, the generat
form for such solution is

ooncu - 21 22)-o(22))

) %

Z(Fr (Zn +c(p—P))_ F, [Zn -c(p—P)))+
P P

n=1

i(F’(Zn—(pH’))_Fr(2n+(D+P)D) (31)
cp cp

n=1

in which Ca = ambient concentration and F,( ) = the standardized
cumulative normal distribution function corresponding to the
probability function f, ( ).

A fully exact solution for finite width requires an infinite
number of image sources spaced at normalized distance p = 2. But
all these image (reflection) sources are not believed necessary,
however. As a matter of fact, the terms in the infinite series repre-
senting the bank reflections are quite insignificant if n > 4 or 5.
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7. Maximum Center Line Concentration

The maximum center line concentration Cmax{p,x), for a shore
attached-plume occurs along the near shore, i.e., p = 0. The solution
for (Cpax(0.X) - Cg) from Eq. 31 is

Crax 00— C = -(-cla'c—az[[aﬁ (;P-]J,

We assumed previously the transverse diffusion factor D
appearing in Eg. 22 to be a constant to simplify the analysis as well
as the formulation. In fact, Yotsukura and Cobb [8] have shown that
variations in transverse distribution of D do not affect soiutions of
Eq. 22 as long as its average vaiue

E 1
D= _z.jdzudp (33)
QA Yo

remains fairly constant. The approximation of the integral in Eq. 33
is N

1 -
Ldzudp=d2u=dq (34)

in which as before E = Ag/B = average depth of flow section, A and
B = area and width of flow section respectively, U = QJ/A; = average
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river flow velocity and q = Q,/B = width-averaged value of local unit
discharge, q.

The final form of the relation for transverse diffusion factor can
be written as

— 5/6
o g o (35)
.063 B2

This was done using the Manning's formula for the river discharge,
Q,. and an empirical relationship for the transverse mixing
coefficient, E,, which are expressed as

—_ — 2/3 1/2
Q, = lOTS:in(d) (S) (36)
and
E, = ad v (37)

respectively. In the foregoing equations, n = Manning's coefficient,
S = slope of energy gradient, @ = dimensioniess transverse mixing
coefficient, u* = (gdS)!/2 = shear velocity and g = acceleration due
to gravity. The value of D determined by Eq. 32 is less accurate
compared to the one by Eq. 31, mainly because of the approximation
used in Eq. 32. It is empirical work to evaluate the transverse
mixing coefficient E, or o, for a natural river. Experiments have
shown that a depends upon the characteristics of the river channel
and the ambient flow conditions, however there are as yet no
reliable predictive relationship between them. The most common
and reliable method for determining the values of E, for natural
channel is by laboratory simulation or direct field measurement
followed by the use of empirical equations to match the measuring
data. Several investigators have found values of a by the method
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just mentioned above. For example, Fischer [1] regresséd the
Missouri River data and got the following equation for the curve
section

o = 0.4@®d)72 W) (dir)? (38)

if ro —00, which is the case of a straight section, we have o — 0. To
overcome this problem it is necessary to have a limiting value of the
radius of curvature. Hence, if 1o » 25 B, we set r; = 25 B.

We should not forget that the value of the numerical coefficient
in Eq. 38 may be different for other rivers.

When the total length of the river reach affected by the effluent
discharge is large, it is necessary to divide it into several
convenient subreaches to consider the change in value of D in the
longitudinal direction. In order to have a continuous solution of
C(p.x). the following relationship should be maintained

D, (xi-1"‘0j) = D}_1 (Xi_1—X°j_1) (40)

in which D; = value of D for the jth subreach, and Xgj = longitudinal
coordinate of the virtual source for the j'th subreach. The values of
the xg; for all subreaches are determined from Eg. 40 starting with
Xoj = O for the first subreach, and using the known values of D for
ali subreaches. The values of Dj and xq; for the j'th subreach are
used to determined the standard deviation for that subreach by the
relation
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Cp = -\/2 Dj (X}_]‘ng) (41)

which in turn is used in Eq. 31 to compute C(p,x) for the jth
subreach.
The space-dependance of the model should be noted in the

formulation of the standard deviation, cp/vx”z.

9. Initial Dilution F

The value of the initial dilution factor a, is related to the design
and orientation of the discharge outfall structure, the initial plume
characteristics and the ambient flow properties. For no initial
dilution, a is equal to 1, but can reach values of 4 in the case of an
effluent not discharged parallel to the river flow and for an initial
excess concentration at the outfall discharge C, greater than the
excess concentration after initial dilution C;.

10. Isgpleth_(or Isotherm) Surface Area

The mixing zone is defined as the region enclosed by a line of
specified concentration (isopleth) or temperature (isotherm) as
shown in Fig. 5.
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isopleths

Qr —» B

(orp = 1)
P \
/ X Maximal
Distance

Q@

Point Source

Fig. 5 Schematic view of effluent discharge and
mixing zone along river bank

The computer program PSR listed in the Appendix Il is based on
Eq. 31 and 32. it can be used to find the concentration distribution
in the shallow flow field. In addition, the program will determine
the surfaces within areas of different specified dimensionless
concentration contours contaminated by the effluent discharge. The
computer program PSR is described in the following section.

R
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. COMPUTER PROGRAMMING OF THIS MODEL

1. DRescription

The computer program used to perform the computations of Egq.
31 and 32, is listed in the Appendix Il. The language used is FORTRAN
7.

This computer program consists of the MAIN program and three
subroutine subprograms, DIST, GEQUAT, ERFC. A brief description of
the program and the relationships between the different parts
of the program is given in Fig. 6, 7, 8 and 9. '

Starting at 0.1 meter, the dimensional iterative increment AX,
doubles until x = 50. Beyond that point it is fixed to 50 meters. For
the last 50 meters and only during the determination of the [sopleth
Surface Area, an increment of 5 meters is taken to find the final
values, values for which the laterai distance of the plume reachs
zero.

2. loputs

To start the program two ways to enter the input parameters are
offered :
1. interactive
2. using an input file.

The description of the input variables and the read-in format for
the input file are the following :
1. Interactive :
Start the program and follow the directives.
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2. By Input File :
Input for PSR is arranged in three major groups as follows :
- Group 1. Title
- Group 2. Data
- Group 3. Characteristics of the effluent for each
different subreach.

Each group must be separated by a blank line and arranged in the
above order. The blank line signals the end of the input for the
particular group.

The Input File must be available under the name “"INPUT", before
execution can begin.

TITLE First group 80-Characters

Co Second group

NSUB .

RAD; B; DEPTH; SLOPE; Xy Third group
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TITLE: The TITLE must consist of 80 characters or less.

Qo: Effluent Flow Rate (m3/sec.)
Qr: River Flow Rate (m3/sec.)
Co: Initial Excess Concentration
Ca: Ambient Concentration

A: Dilution Factor

NSUB: Number of Subreaches

RAD; . Radius of Curvature of the i'th subreach (m)

B;. Width of the ith subreach (m)
DEPTH;: Averaged depth of the i'th subreach (m)

SLOPE;: River Slope of the i'th subreach
XL;: Downstream end of the i'th subreach (m)

The Second group contains 6 parameters, each on a different line.
In the case of the Third group, the parameters for a specific
subreach must appear on the same line and must be separated by at
least one blank character. if the number or subreaches is j, the Third
group will be constituted by j lines.

See next page for an example of Input file.




3. Examole of lnout File

Study of the McKenzie River First group

0.68
53.83
1.0 Second group
.0
1.0
9
0. 188 15 001 20.9
0. 125 15 001 64.7
0. 138 15 .o01 114.8
0. 167 15 001 195.2

300 18.8 15 .00t 277.7
300 115 1.5  .001 2945
300 104 15 .001 325.0
110 104 1.5  .001 328.9

15 50 1.5 .00t 329.3

Third group

A zero in the input file, correspond to an infinit value of the
radius of curvature.

4. Flow charts
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MAIN Program
- Read information and input data

- Computation of the maximum
shoreline concentration using
Eq. 32

- Call subroutine ERFC to
perform the numerical
integration process of
Eq. 32

- Computation of the isopleth surface

area for different values of the
dimensionless concentration
contour using Eq. 31

- Test another case or call exit

!

Subroutine DIST

- Computation of the longitudinal
distance downstream to the
effluent discharge

- Computation of :
- Manning's coefficient
- Shear and cross sectional
- averaged velocities
- Diffusion factor
- Variance of the normal
probability density function

y
Subroutine ERFC

accumulative Gaussian
Probability function

Subroutine GEQUAT
- Integrate Eq. 31

- Numerically evaluate the - Call subroutine ERFC to perform
the numerical integration process

- Computation of :

- Plume width
- Partial area

Fig. 6 General flow chart
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MAIN Program COMPUTATION of the ISOPLETH SURFACE AREA
for a Dimensioniess Concentration Contour equal
E;I 5, .4, .3, .2, .1, .08, .06, .04, .02, .008, .005
Start
[ ]
Read-in required information Initialize values
¥
Yy -
COMPUTATION of the MAXIMUM SHORE nd=0i=0
1 LINE CONCENTRATION
; nd = nd+1
Initialize values and set some constants ——
{ = 14
y
i=0 CALL DIST
y X() = X(i-1) + A X
j= i Yy
v . CALL GEQUAT
CALL DIST

X(@) = X@1) + A X

[if p(i) < 0, KK = KK+1]

Y K3
(if X(i) = Xofi), j = ﬂ A4 it p(i) > p(i-1),
[ 2 Maximum plume width = p(i)-B

A Computation of each term of Eq. 32 Y
by using the subroutine ERFC G p(i) > 0, A = A+Area(i), Maximum distance = X(i)'
y - -
Print : X(i), Cmax-Ca, Dilution if KK = 2, Print :

Dimensioniess Concent. Contour, A, Maximum
plume width, Maximum distance

X(i) < Xo(j = Last Subreach)

(if X(i) = Xo(i), j = j+1J
Computation of the isopleth Area Completed
or X(i) = Xo(j = Last Subreach)
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COMPUTATION of the ISOPLETH AREA
for 3 specific values of the Dimensioniess
Concentration Contour (Plots)

y

Read-in required information
y

Initialize values

y
nd =0
y

Initialize values

y
i=0
y
nd = nd+1

Y
i= i+l
Y
CALL DIST
X)) = X(-1) +
3 K2
CALL GEQUAT
[ ]
iti=0andp() <0
Area = 0, Plume Width = 0, Maximal Distance = .1
vy

if KK = 1 or p(i) < 0, does not keep track, except for a
maximum distance value of a precedent isopleth
area, or for a downstream end of a subreach.

Other cases, Keep Track of : X(i), Plume Width, Area

|
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KK=2andnde3
——/

Yes

Xi < Xo(j=Last Subreach)
or KK = 1

No

Print out the results for the 3
specific values of the dimensionless

concentration contour :
partial or total Area, Plume Width in
function of the longitudinal distance
downstream to the effluent discharge.

Do you want to start over ?

Yes \‘

B\D

No

Fig. 7 = Flow chart of the MAIN Program
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Subroutine _DIST Subroutine GEQUAT
¥ T
. Set some constants
. X(1) = 0.1 Set some constants
e c ion of p using Eq. 31
I X(i N - i-1 omputation of p using Eq.
[ () < 50. X() = 2 X(»j knowing the dimensionless
concentration contour.
'If X(i) > 50, X(i) = X(i-1)+519 [ ]
Computation Of The Plume Width
Locationi: p-B
(If KK = 1, X(i) = X(i-1)+.’a
[Computation of Area(i)l
&X(M) < X() < X{i), X{i) = X(j)) |
If Radius Of Curvature » 25-B, m
Radius Of Curvature = 25-B
Computation location i of :
- Manning's coefficient,
- Shear and Cross sectional average velocities,
- Dimensionless transverse mixing coefficient,
- Diffusion factor,
- Variace of the normal probality density function.
1 Fig. 9 Flow Chart of The Subroutine GEQUAT

RETURN

Fig. 8 Fiow chart of the subroutine DIST
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V. APPLICATION OF THIS MODEL
Fig. 10 Map of the McKenzie River near Springfield, Oregon f_’
]

1. Pmcedures

The application of the present model is suggested using the
following procedures :

(a) Measure the flow rates for both of the ambient river and
the discharge effluent,

(b) Divide the flow field into several sections according to the
geometric variations. The data of the radius of curvature,
the width, the average depth and the slope of the river
channe! are needed at each iocation to take into account
the effects of the geometric variations on dilution factor D,

2. Case study

We now analyse the Weyco Discharge in the McKenzie River near
Springfield, Oregon, using the computer code. The slope of the river
and the average depth are approximatively 1/1000 and 1.5
respectively. The radius of curvature, the width of the river and the
distance from the origin to the downstream end ol each subreach are
shown on Table |. The computation for this case was performed for
a 340 meter stretch of the river which was divided into 9
subreaches downstream from the discharge port as shown in the
insert map in Fig. 10, supplied by R. H. Thut [71.

* \ v _ M

HYONIO9OTO0JAIM

FILTRATION
PLANT

DISCHARGE

WEYCO EXPERI-
MENTAL TROUGHS

SCALE 1:1044
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S TENENCLS < SR . Ny _ 37 .
w
- |
JER >
> g\ (- <
;’ = Subreach Radius Width Downstream
& W Nr. curvature end
3 (Meter) (Meter) (Meter)
. 1 0. 18.8 20.9
2 0. 125 64.7
o3 9 ® 3 0 136 114.8
% ) 2 4 0 16.7 195.2
< S 5 300 18.8 277.7
3 ® o 6 300 115 294.5
& . ° 7 300 10.4 325.0
) = 8 110 10.4 328.9
'u'? 9 15 5.0 329.3

Table 1 Measurement data for the McKenzie
River case study

The object is to find the shoreline dilution as a function of
distance downstream and the surface areas for different specified
dimensioniess concentration contours which are contaminated by the

MATCH LINE

effluent discharge.

This case study is a typical illustration of the use of the model.
The next section will discuss how well this model works and how
accurately this model can predict plumes with shore attached center
line discharge into shallow river channels.
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V. RESULTS

1. Comparison of the predicted values with the field measured data

One major capability of this model is that it allows the inclusion
of the effect of the cross channel flow induced by channel curvature.
Even though the river flow bends weighted toward one bank or the
other due to the geometric structure of the channel, the present
model still can predict the expansions and contractions of the
discharge plume. This feature is depicted in Table Il and Fig. 11
which show the measured and predicted minimum dilution (inverse
of concentration) along the near shore as a function of the
longitudinal distance, of the Kraft Mill Effluent in the McKenzie
river near Springfield, Oregon, December 9, 1976 [7]. The effluent
flow rate and the river flow rate were 0.68 m3/sec. and 53.83
m3/sec. respectively, on this specific day.

By comparing the minimum dilutions along the shoreline with the
field data, we find that the predicted model is fairly good
approximation.
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Distance Minimum Dilution
downstream
from source Measured Predicted
(Meter)

42 2 2.0
324 6 7.2
66.8 12 122
76.2 13 13.0

150.3 15 17.2

162.9 17 17.7

326.8 20 28.0

3278 24 28.5

328.9 30 29.0
Table 2 . Comparison of measured and predicted

minimum shoreline dilution.
40

MINIMUM SHORELINE DILUTION

T
200

400

LONGITUDINAL DISTANCE DOWNSTREAM FROM
THE EFFLUENT DISCHARGE (Meter)

Fig. 11 Comparison of Measured and predicted

minimum Shoreline Dilution.




Using the flow rate given and the characteristics of the channel
shape, the output results generated by PSR program are listed in
Appendix lil,

Next we would like to show the isopleth curves on a strainghtend
coordinate river channel plane as in Fig. 12. The contaminated
surface areas can be used as a regulation for plant operations, either
by changing the discharge flow rate into the ambient river or by
chemical treatment which will attenuate the concentration of the
discharge before it is dumped into the river. On the other hand, the
ambient river flow rates are different from time to time, so the
plant discharge may need to be shut down somewhat during the flow
periods.

: 12
&
g
:
w
[C]
<
<
=
Q
2
=]
8
2
2
o

0.0 . r ' T »
0 10 20 30 40 56 60

LONGITUDINAL DISTANCE DOWNSTREAM FROM
THE EFFLUENT DISCHARGE (Meten)

Fig. 12 Predicted Isopleth Areas for the McKenzie River
near Springfield, Oregon, December 9,1976.
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L]

DISTANCE FROM DISCHARGE BANK (Meter)

L T T
o 100 200 300 400

LONGITUDINAL DISTANCE DOWNSTREAM FROM
THE EFFLUENT DISCHARGE (Meter)

Fig. 12 Predicted Isopleth Areas for the McKenzie River
near Springfield, Oregon, December 8,1876.

2. Consideration of heat transfer from the stream surface

Up to this point, we have not discussed the heat transfer
between the river surface and the atmospheric air. For heated rivers
resulting from thermal discharge from power plants and other
artificial thermal sources, once complete mixing between the heated
effluent and the cooler ambient river flow is achieved, the surface
heat exchange becomes the dominant factor which controis the
temperature distributions. A fully physical consideration of heat
exchange at the interface of water-air is shown on Fig. 13.
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i
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Fig. 13 Heat Transfer at the Interface of Water and Air

Heat exchange at the interface of water and air is obviously quite

complex for actual physicai model consideration.
A reasonable solution of temperature distribution for heat flux

through the water-air interface is

AT (p.x) = AT(p.x) exp( Kx ) (42)
pcu

in which AT(p,x) = Temperature Distribution for complete mixing of
heated effluent and the ambient river flow given by Eq. 31, K = the
Surtace Heat Transfer Coefficient assumed independent of x, P -
Density of Water at Equilibrium Bulk Temperature of the Water Body,
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¢ = Heat capacity of Water Body at Equilibrium Bulk Temperature.
Studies have shown that the reduction in temperatures due to the

surface heat exchange is less than 10% for each length up to 10

miles. So in most situations the surface heat exchange effects can

be neglected without loss of accuracy.




VL. CONCLUSION

A computational model, based on a diffusion equation, has
been developed for predicting the maximum concentration, the
maximum lengths and the enclosed surface areas of mixing zone
with specified concentration ratio for shore-attached effluent
discharge plumes in rivers. From the predicted results,
appropriate discharge rates and discharge concentrations {(or
temperatures) can be extracted for a given river flow to meet the
requirement of water quality control.

Comparison of the model results with some field
measurements indicates good agreement. The limitations of
application of this model are restricted to :

(1) Wide and shallow streamway,

{2) nonbuoyant, low momentum discharge,

(3) non-stratified, parallel flow between the ambient
river and the effluent discharge.

Further refinements of this model are necessary to include
the effects of some real world geometries, for example, a branch
stream meeting some other branches to become a main stream, at
locations downstream of the discharge port. How to make these
adjustments is yet to be determined. Most of the thermal plumes
are stratified and buoyant because of the temperature diffe-
rences. Depth and width averaged approximations may not be a
good assumption. The refinement to take into account the
stratification and buoyancy effects to this model will improve
its capability in predicting temperature distribution of the
mixing zone. If this refinement were successfully done, this
.model could be extended to deep river channels.
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In general,' this model is a good prediction for shore-attached
plumes and can be used to assess the environmental pollution of
power thermal plant discharges and artificial effluent discharges
in natural rivers. This predictive model is needed in the
preparation of environmental impact statements for pre-
operational site studies and also useful in post operational
studies. It is suggested that a considerable amount of time and
expense could be saved by making use of the predicting models in
planning field surveys and plant operations.
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APPENDIX il

OUTPUT LISTING OF THE MCKENZIE RIVER
CASE STUDY




VHcKenzie River

SUBREACH RADIUS WIDTH AVERAGE SLOPE DOWNSTREAM
NR. CURVATURE DEPTH END
(Meter) (Meter) (Meter) (Meter)
1 0.0 18.8 1.5 0.00100 20.9
2 0.0 12.5 1.5 0.00100 64.7
3 0.0 13.6 1.5 0.00100 114.8
4 0.0 16.7 1.5 0.00100 195.2
S 300.0 18.8 1.5 0.00100 277.7
6 300.0 11.5 1.5 0.00100 294.5
7 300.0 10.4 1.5 0.00100 32%.0
8 110.0 10.4 1.5 0.00100 328.9
9 15.0 5.0 1.5 0.00100 329.3

Volumetric discharge rate of thermal

effluent (M3/S) : QO .vveeeecncecccacances > 0.68

River discharge (m3/8) : Q¥ ..cevveewsns > 53.83

Initial excess concentration : CO ........ > 1.000
Ambient concentration : €Ca ....cceceaescnse > 0.000
Initial dilution factor : a .....cceveveee > 1.00

Number Of SUbreaches ......c.cececevevennse > 9




AXIMUM SHORELINE CONCENTRATION iSOPLETH SURFACE AS

Diieaice : Meter Maximum Distance : Meter
Dilution : (Co-Ca)/(Cmax-Ca) Maximum Width s
Meter from discharge bank
DISTANCE Cmax~Ca DILUTION Area : Meter##2
_— Dimensionless Concentration
0.1 0.999984E+00 1.000 Contour : (C-Ca)/(Co-Ca)
0.2 0.997750E+00 1.002
g:g g:gggggégigg 11232 DIMENSIONLESS AREA MAXIMUM WIDTH MAXIMUM
1.5 0.735396E+00 1.360 ONCENTRATION CONTOUR DISTANCE
2:3 8:3233235188 ;:;:2 0.500 0.1214E+01 0.237E+00 6.0
12.0 0.306725E+00 3.260 0.400 0.2591E+01 0.288E+00 12.0
20.9 0.234955E+00 4.256 0.300 0.5574E+01 0.378E+00 20.9
25.0 0.183033E+00 5.464 0.200 0.1270E+02 0.571E+00 25.0
50.0 0.992998E~01 10.071 0.100 0.3823E+02 0.105E+01 50.0
64.7 0.834794E~01 11.979 0.080 0.6194E+02 0.118E+01 75.0
- 100.0 0.671218E-01 14.898 0.060 0.1512E+03 0.133E+01 135.0
114.8 0.626402E-01 15.964 0.040 0.6396E+03 0.267E+01 305.0
. 150.0 0.580149E-01 17.237 0.020 0.1245E+04 0.542E+01 329.3
:195.2 0.533476E-01 18.745 0.008 0.1751E+04 0.798E+01 329.3
¢ 200.0 0.526106E-01 19.008 ) 0.005 0.1960E+04 0.902E+01 329.3
© 250.0 0.463962E-01 21.553
277.7 0.437788E-01 22.842
294.5 0.413972E-01 24.156
300.0 0.404602E-01 24.716
325.0 0.368824E-01 27.113
328.9 0.344331E-01 29.042
329.3 0.218988E-01 -45.665

OWNSTREAM END OF THE LAST SUBREACH




JOPLETH SURFACE AREAS

(PLOTS)
Distance From Effluent Discharge : Meter DISTANCE DIMENSIONLESS
Lateral distance (Plume Width) : CONCENTRATION CONTOUR
Meter from discharge bank
Area : Meter=x2 i 0.020 0.050 0.080

Dimensionless Concentration Contour :
(C~Ca)/ (Co-Ca)

PLUME WIDTH AREA PLUME WIDTH AREA PLUME WIDTH AREA

.STANCE 0.1 0.3504E+00 0.350E-01 0.3279E+00 0.328E-01 0.3147E+00 0.315E-01

B concgiggiiig:ng:Toua 0.2 0.3971E+00 O0.748E-01 O0.3653E+00 0.693E-01 0.3467E+00 0.661E-01

0.4 0.4633E+00 0.167E+00 0.4183E+00 0.153E+00 0.3920E+00 0.145E+00

0.100 0.200 0.500 0.8 0.5568E+00 0.390E+00 0.4932E+00 O0.350E+00 0.4559E+00 0.327E+00

1.5 0.6747E+00 0.B62E+00 0.5875E+00 0.762E+00 0.5364E+00 0.702E+00

3.0 0.8549E+00 0.214E+01 0.7308E+00 O0.186E+01 0.6575E+00 g.1§2§+g;

LUME AREA LUME AREA LUME 6.0 0.1105E+01 0.546E+01 0.9251E+00 0.463E+0l1 0.8173E+00 .4 +
: oo ? el P wipm AREA 12.0 0.1443E+01 0.141E+02 0.1177E+01 0.117E+02 0.1013E+01l 0.10§€+g§
0.1 0.3079E+ . - . TE+ 0.284E-01 0.2375E+00 0.237E-01 20.9 0.1790BE+01 0.300E+02 0.1419E+01 0.243E+02 0.1184E+01 0.20BE+

0.2 0.3371§+gg g.zggg-gi g,§8§9§+gg 0,2272-01 0.2375E+00 0.475E-01 25.0 0.1448E+01 0.360E+02 0.1109E+01 0.289E+02 0.8856E+00 0.244E+02

0.4 0.3784E+00 0.140E+00 0.3300E+00 O0.125E+00 0.2375E+00 0.950E-01 50.0 0.2271E+01 O0.928E+02 0.1486E+01 0.660E+02 0.8342E+00 0.465E+02

0.8 0.4367E+00 0.315E+00 O0.3683E+00 0.272E+00 0.2370E+00 0.190E+00 64.7 0.2551E+01 0.130E+03 0.1528E+01 0.885E+02 0.4404E+00 0.588E+02

1.5 0.5100E+00 0.€672E+00 0.41S8E+00 0.563E+00 0.2300E+00 0.356E+00 75.0 0.2911E+01 0.160E+03 0.1656E+01 0.106E+03 0.0000E+00 0.619E+02
3.0 0.6196E+00 0.160E+01 0.4819E+00 0.129E+01 0.1710E+00 0.701E+00 100.0 0.3178E+01 0.240E+03 O0.1567E+01 0.147E+03
6.0 0.7608E+00 0.388E+01 0.5487E+00 0.293E+01 0.0000E+00 0.121E+01 114.8 0.3307E+01 0.289E+03 0.1469E+01 0.170E+03
12.0 0.9250E+00 0.943E+01 O0.5715E+00 0.636E+01 150.0 0.4234E+01 0.438E+03 0.1582E+01 0.234E+03
20.9 0.1054E+01 O0.18B8E+02 0.4578E+00 0.114E+02 195.2 0.4420E+01 0.637E+03 0.1136E+01 0.305E+03
25.0 0.7569E+00 0.219E+02 0.0000E+00 0.127E+02 200.0 0.5009E+01 0.662E+03 0.1149E+01 0.311E+03
50.0 0.0000E+00 0.382E+02 220.0 0.5138E+01 0.764E+03 0.0000E+00 0.329E+03

250.0 0.5298E+01 0.923E+03
277.7 0.5418E+01 0.107E+04
294.5 0.3377E+01 0.113E+04
300.0 0.3075E+01 0.115E+04
325.0 0.3144E+01 0.123E+04
328.9 0.3173E+01 0.124E+04
329.3 0.9823E+00 0.124E+04

TOWNSTREAM END OF THE LAST SUBREACH
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To evaluate the potential impacts of effluent discharges
into receiving waters, environmental engineers must make
estimates of plume geometry and dilution characteristics.
Previous National Council investigations have reviewed: (a) the
use of aerial photogrammetry and fluorescent spectroscopy to
evaluate the dispersion of kratt effluents from ocean outfalls,
(b) simple estuarine analysis techniques to estimate average
dilution rates, and (c) some outfall dispersions models. These
subjects are the contents of NCASI Technical Bulletins No. 231,
236 and 486.

The recently reissued "TSD for Water-quality Based Toxics
Control" has accentuated the need to understand the projectory
and dilution characteristics of effluent discharges, particularly
near outfall structures. To meet this need, EPA funded the
development of the Cornell Mixing Zone Expert System (CORMIX)
which is a series of software subsystems for the analysis,
prediction, and design of aqueous toxic or conventional pollutant
discharges into diverse water bodies. Although its major
enphasis is on the prediction of plume geometry and dilution
characteristics within a receiving water's initial mixing zone so
that compliance with regulatory constraints may be judged, the
system also predicts the behavior of the discharge plume at
larger distances. The highly user-interactive CORMIX system (a)
is implemented on microcomputers (IBM-PC, or compatible), (b) is
being promoted and distributed free of charge by EPA's Center for
Exposure Assessnment Modeling, and (c) allows users with little or
no training in hydrodynamic modeling to evaluate the dilution
characteristics of existing effluent discharge structures, and
make recommendations on design changes to meet the chronic and
acute concentration goals stated in the Toxics TSD.

-Continuing in its program to review state-of-the-art
approaches for (a) determining the extent of effluent dilution by
receiving waters and (b) providing guidance for the appropriate
use of such approaches, NCASI has worked cooperatively with
CORMIX's developer, Professor Gerhard H. Jirka of Cornell
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University, to develop a user's manual which will (a) acguaint
induystry personnel with CORMIX's featuras and limitations and (b)
assist inexperienced and infrequent users with input developmant

an;l output interpretation. This report is the result of that
effort. :

Due to the apparent depth of preparation which wvent into the
development of the CORMIX systams and the fact that they have
been presanted in the peer-reviewsd literature, NCASI staff have
not independently evaluated the modeling assumptions used or
verified the computational accuracy of the CORMIX software.

NCASI is monitoring field applications of the CORMIX systems and
vill undertake a more detailed review of them if the need arises.
In addition to the routine inspection of simulation results for
reasonableness, potential users should exercise extra caution
vhen using simulation results for regulatory or design purposes,

until such time that the programs have been demonstrated to be
error free.

This report wvas co~authored by Dr. Jirka, Professor and
Director of the DeFrees Hydraulics Laboratory within the School
of Civil and Environmental Engineering at Cornell University and
Dr. Steven W. Hinton, Research Engineer at the NCASI Northeast
Regional Center. Dr. Hinton managed this project and edited the
report into its present form with assistance from Nancy Bartlett

- also of the Northeast Regional Center staff, Questions or
comments on the contents of this report are welcome and should be
directed to Dr. Hinton at the HCASI Northeast Regional Center,
Tufts University, Department of Civil Engineering, 001 Anderson
Hall, Medford, Massachusetts 02155, telephone (617) 627-3254.

Very truly yours,
| Soenr W

Dr. Isaiah Gellman
President
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A user's guide for the Cornell Mixing Zone Expert System
(CORMIX) is presented. CORMIX is a series of software
subsystems for the analysis, prediction, and design of
aqueous toxic or conventional pollutant discharges into
diverse water bodies. 1Its major emphasis is on the pre-
diction of plume geometry and dilution characteristics
within a receiving water's initial mixing zone so that
compliance with regulatory constraints may be judged.
The system also predicts the behavior of the discharge
plume at larger distances. The highly user-interactive
CORMIX system is implemented on microcomputers (IBM-PC,
or compatible), and consists of three subsystems:

-=~ CORMIX1 for submerged single port discharges,

—=-~ CORMIX2 for submerged multiport diffuser discharges,
--~ CORMIX3 for buoyant surface discharges.

The user's guide gives a comprehensive and uniform
description of all three CORMIX subsystems; it provides
guidance for assembly and preparation of regquired input
data; it delineates ranges of applicability of the three
subsystems; it provides guidance for interpretation and
graphical display of system output; and it illustrates
practical system application through three case studies.

CORMIX, Cornell Mixing Zone Expert System, mixing zones,
effluent dilution, discharge structures, initial mixing,
surface water quality models.
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Estuarine Assimilative Capacity® NCASI
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manuals for model application. The results of these wvorks are
summarized in the peer-reviewed literature (10,11,12). The
CORMIX system approach and its performance relative to the
earlier U.S. EPA plume models in the context of estuarine
applications is also described in EPA's technical gquidance manual
for performing waste load allocations in estuaries (13). NCASI
has not independently evaluated the modeling assumptions used or
verified the computational accuracy of the COBRMIX software.

EPA's long range goal is to make the CORMIX system freely
available to all potential users through its modeling software
distribution facility at the U.S. EPA Center for Environmental
Assessment Modeling (CEAM) in Athens, Georgia. Some of the
CORMIX subsystems have been available to the industrial and
regulatory user communities since December 1989 when distribution
of CORMIX1 was commenced by Cornell University for the purpose of
identifying subtle programming errors through application to
actual mixing zone analysis problems by a controlled users group.
After this testing was deemed complete, CEAM commenced the
distribution of CORMIX1 in November 1990. A similar approach is
being used to introduce CORMIX2 which is scheduled to begin CEAM
distribution in October 1991 and to introduce CORMIX3 which is
currently undergoing initial user testing. This Technical
Bulletin covers versions available as of August 1991 including:
CORMIX1, Version 1.30, August 1991; CORMIX2, Version 1.20, August
1991; and CORMIX3, Version 1.10, August 1991,

The objectives of this user's guide are as follows: (a) to
provide a comprehensive and uniform description of ‘all three
CORMIX subsystems; (b) to provide guidance for assembly and
preparation of required input data; (c) to delineate ranges of
applicability of the three subsystems; (d) to provide guidance
for the interpretation and graphical display of system cutput;
and (e) to illustrate practical system application through
several case studies.

This bulletin is organized to meet the informational needs
of two distinctly different groups of readers; personnel in envi-
ronmental management positions desiring an overview of the CORMIX
systens capabilities and technical staff needing assistance in
actual applications. provides a summary of the physi-
cal processes of effluent mixing, as well as an overview of the
regulatory background and practice on mixing zone applications.
The general features of the CORMIX system are explained in
Section III including summaries of: (a) predictive capabilities
and limitations, (b) overall system structure and method of
processing information, (c) user interaction, and (d) individual
calculational elements. Detailed guidance on the preparation and
entry of input data, as required by the three CORMIX subsystanms,
is given in Section IV. provides a description of
system output, containing both descriptive and quantitative nu-
merical information on the predicted effluent flow. The closing
remarks in Sectjion VI contain information on system availability

and user support, and on future system developments and anhanceaents.
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Appendices to this gquide present three cass studies on the
application of all three CORMIX subsystems. Thesa are adapted
from actual situations and illustrate the complete input require~-
ments and output capabilities of the systems. In addition, some
of the assumptions on data schematization, problem simplifi-
cation, ocutput interpretation, and constructionm of graphical
displays are discussed in a context typical of many mixing zone
model applications.

Iz

When performing design work and predictive studies on
effluent discharge problems, it is important to Clearly
distinguish between the physical aspects of hydrodynamic mixing
Processes that deternine the effluent fate and distribution, and
the administrative construct of mixing zone regulations that
intend to prevent any harmful impact of the effluent on the
aquatic environment and associated uses.

A Hydrod ic Mixing I

The mixing behavior of any wastewater discharge is governed
by the interplay of ambient conditions in the receiving water
body and by the discharge characteristics.

The ambient conditions in the receiving water body, be it
stream, river, lake, reservoir, estuary or coastal waters, are
described hy the water body's geometric and dymanic character-
istics. Important geometric parameters include plan shape,
verticalhcx_-oss-sections, and bathymetry, especially in the dis-
charge vicinity. Dynamic characteristics are given by the veloc-
ity and density distribution in the water body, again primarily
in the discharge vicinity. 1In many cases, these conditions can
be taken as steady-state with little variation because the time
scale for the mixing processes is usually of the order of minutes
up to perhaps one hour. In some cases, notably tidally influ-
enced flows, the ambient conditions can be highly transient and
the assumption of steady-state conditions may be inappropriate.

The discharge conditions relate to the geome
characteristics of the submerged ocutfall 1mgi:.ung°§h:x
single port discharge the port diameter, its elevation above the
bottom and its orientation provide the geometry; for multiport
diffuser inftallations the arrangement of the imdividual ports
along the diffuser line, the orientation of the diffuser line,
and construction details represent additional geometric features;
and for surface discharges the cross-section and orientation of
the flow entering the ambient watercourse are important. The
flux chu:gct.ristics are given by the effluent discharge flow
rate, by its momentum flux and by its buoyancy flux. The
b90yancy flux represents the effect of the relative density
difference between the effluent discharge and ambient conditions
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in combination with gravitational acceleration. It is a measures
of tha tendency for the effluent flow to rise (i.e. positive
buoyancy) or to fall (i.e. negative buoyancy).

The hydrodynamics of an effluent continuously discharging
into a receiving water body can be conceptualized 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 flow and any surface, bottom or
terminal layer interaction. 1In this near~field region, outfall
designers can usually affect the initial mixing characteristics
through appropriate manipulation of design variables.

: As the turbulent plume travels further away from the source,
the source characteristics become less important. Conditions
existing in the ambient environment will control trajectory and
dilution of the turbulent plume through buoyant spreading motions
and passive 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
requlatory mixing zone definitions.

(1) Near-Field Processes- Three important types of near-field
processes are submerged buoyant jet mixing, boundary interactions

and surface buoyant jet mixing as described in the following
paragraphs.

submerged Buoyant Jet Mixing: The effluent flow from a submerged
discharge port provides a velocity discontinuity between the
digscharged fluid and the ambient fluid causing an intense
shearing action. The shearing flow breaks rapidly down into a
turbulent motion. The width of the zone of high turbulence
intensity increases in the diraction of the flow by incorporating
("entraining®) more of the outside, less turbulent fluid into
this zone. In this manner, any internal concentrations (e.g.
fluid momentum or pollutants) of the discharge flow 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 ariss 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 bucyancy flux leads to local vertical accele-~
rations which then lead to turbulent mixing. In the general case
of a "buoyant Jet"™ (also called a "forced plume"), a combination
of initial momentum flux and buoyancy flux is responsible for
turbulent mixing.
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Thus, buoyant jets are characterized by a narrow turbulent
fluid zone in vhich vigorous mixing takes place. Purthermore,
depending on discharge orientation and direction of buoyant
accsleration, curved trajectories are genarally established in a
stagnant uniform-density environment as illustrated in Figure 1a.

Buoyant jet mixing is further affected by aabient currents
and density stratification. The role of ambient currents is to
gradually deflect the buoyant jet into the current direction as
illustrated in Figure 1b and thereby induce additional mixing.
The role of ambient density stratification is to counteract the
vertical acceleration within the buoyant jet leading ultimately
to trapping of the flow at a certain level. "Figure 1c shows a
typical buoyant jet shape at the trapping or terminal level.

Finally, in case of multiport diffusers, the individual
round buoyant jets behave independently until they interact, or
merge, with each other at a certain distance from the efflux
ports. After merging, a two-dimensional buoyant jet plane is
formed as illustrated in Figure 1d. Such plane buoyant jets
resulting from a multiport diffuser discharge in deep water can
be further affected by ambient currents and by density stratifi-
cation as discussed in the preceding paragraph.

Boundary Interaction Processes and Near~Field Stability: Ambient
wvater bodies always have vertical boundaries. These include the
wvater surface and the bottom, but in addition, "internal
boundaries” may exist at pycnoclines. Pycnoclines are layers of
rapid density change. Depending on the dynamic and geometric
characteristics of the discharge flow, a variety of interaction
phenomena can occur at such boundaries, particularly vhere flow
trapping may occur.

In essence, boundary interaction processes provide a trans-
ition between the buoyant jet mixing process in the near-field,

-and buoyant spreading and passive diffusion in the far-field.

They can be gradual and mild, or abrupt leading to vigorous
transition and mixing processes. They also can significantly
influence the stabjlity of the effluent discharge conditions.

The assessment of near-field stability, i.e. the distinction
of stable or unstable conditions, is a key aspect of effluent
dilution analyses. It is especially important for understanding
the behavior of the two-dimensional plumes resulting from multi-
port diffusers, as shown by some examples in Figqure 2. "“stable
discharge® conditions, usually occurring for a combination of
strong buoyancy, weak momentum and deep water, are often referred
to as "deep water” conditions (Figures 2a.c}. “Unstable
discharge® conditions, on the other hand, may be considered

ymous to “shallow water®™ conditions (Figure 2b.d).
Technical discussions on discharge stability are presented
elsewhere (14,1S5).
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A few important examples of boundary interaction for a
single round buoyant jet are illustrated 'in Rigure 3. If a
buoyant jet is bent-over by a cross-flow, it will gradually
approach the surface, bottom or terminal level and will undergo a
smooth trangition with little additional mixing (Figure 3a).
However, a jet impinging normally, or near-normally, on a
boundary will rapidly spread in all directions. Mixing
conditions at this impingement point can take on one of the
following forms: (a) If the flow has sufficient buoyancy it will
ultimately form a stable layer at the surface (Figure 3b). In
the presence of weak ambient flow this will lead to an upstream
intrusion against the ambient current. (b) If the buoyancy of
the effluent flow is weak or its momentum very high, unstable
recirculation phenomena can occur in the discharge vicinity
(Figure 3¢). This local recirculation leads to re-entrainment of
already mixed water back into the buoyant jet region. (c) In the
intermediate case, a combination of localized vertical mixing and
upstream spreading may result (Figure 3d4).

Another type of interaction process concerns submerged
buoyant jets discharging in the vicinity of the water bottom into
a stagnant or flowing ambient. Two types of dynamic interaction
processes can occur that lead to rapid attachment of the effluent
plume to the water bottom as illustrated in Figure 4. These are
wake attachment forced by the receiving water's crossflow or
Coanda attachment forced by the entrainment demand of the
effluent jet itself. The latter is due to low pressure effects
as the jet periphery is close to the water bottom.

Surface Buoyant Jet Mixing: Positively buoyant jets discharged
horizontally along the water surface from a laterally entering
channel or pipe (Eigqure 5) bear some similarities to the more
classical submerged buoyant jet. For a relatively short initial
distance, the effluent behaves like a momentum jet spreading both
laterally and vertically due to turbulent mixing. After this
stage, vertical entraimment becomeg inhibited due to buoyant
damping of the turbulent motions, and the jet experiences strong
lateral spreading. During stagnant ambient conditions,
ultimately a reasonably thin layer may be formed at the surface
of the receiving water; that layer can undergo the transient
buoyant spreading motions depicted in Fjiqure Sa.

In the presence of ambient crossflow, buoyant surface jets
may exhibit any one of following three types of flow features:
They may form a weakly deflected jet that does not interact with
the shoreline (Figure S5b). When the crossflow is strong, they
may attach to the downstream boundary forming a shore-hugging
plume (Figure Sc¢c). When a high discharge buoyancy flux combines
wvith a weak crossflow, the buoyant spreading effects can be so
strong that an upstream intruding plume is formed that also stays
close to the shoreline (Figure Sd).

Internediate-rield Effects for Nultiport Diffuser Discharges:
Sone multiport diffuser installations induce flows in shallow
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water wvhich extend beyond the strict near-field region. The
resulting plumss are sometines referred to as the "intermediate-
field” (14) because they interact with the receiving water at
distances_that are substantially greater than the water depth;
the ordar of magnitude of the vater dapth is typically used to
define the dimensions of the near-field region. Intermediate
fields may occur when a multiport diffuser represents a large
source of momentum with a relatively weak buoyancy effect. Such
a diffuser will have an unstable near-field with shallow water
conditions. For certain diffuser geometries (e.g. unidirectional
& staged diffuser types; see Sectjon V) strong motions can be
induced in the shallow water environment in the form of
.vertically mixed currents that laterally entrain ambient water
and may extend over long distances before they re-stratify or
dissipate their momentun.

(2) Far-Field Procegses- Far-field mixing processes are
characterized by the longitudinal advection of the mixed effluent
by the ambient current velocity.

Buoyant Spreading Processes: These are defined as the
horizontally transverse spreading of the mixed effluent flow
while it is being advected downstream by the ambiant current.
Such spreading processes arise due to the buoyant forces caused
by the density difference of the nixed flow relative to the
ambient density. They can be effective transport mechanisms that
can quickly spread a mixed effluent laterally over large
distances in the transverse direction, particularly in cases of
strong ambient stratification. In this situation, effluent of
considerable vertical thickness at the terminal level can
collapse into a thin but very wide layer unless this is prevented
by lateral boundarjes. 1If the discharge is non-buoyant, or
weakly buoyant, and the ambient is unstratified, there is no
buoyant spreading region in the far-field, only a passive
diffusjion region.

Depending on the type of near-field flow and ambient
stratification, several types of buoyant spreading may occur.
These include: (a) spreading at the watar surface, (b) spreading
at the bottom, (c) spreading at a sharp internal interface
(pycnocline) with a density jump, or (d) spreading at the
terminal level in continuously stratified ambient fluid.

As an example, the definition diagram and structure of sur-
face buoyant spreading processes somewhat downstrean of the dis-
charge in unstratified crossflow is shown in Fiqure 6. The lat~
erally spreading flow behaves like a density current and entrains
some ambient fluid in the “head region® of the current. During
this phase, the mixing rate is usually relatively small, the
layer thickness may decrease, and a subsequent interaction with a
shoreline or bank can impact the spreading and mixing processes.

Passive Amdient Diffusion Processes: The existing turbulence in
the ambient environment becomes the dominating mixing mechanisa
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at sufficiently large distances from the discharge r ._.nt. 1In

geaneral, the passively diffusing flow grows in width and in. .
thickness until it interacts with the channel bottom and/or banks
as illustrated in Figure 7. .

The strength of the ambient diffusion mechanism depends on a
number of factors relating msinly to the geometry of the ambient
shear flow and the amount of ambient stratification. 1In the
context of classical diffusion theory (16), gradient diffusion
processes in the bounded flows of rivers or narrow estuaries can
be described by constant diffusivities in the vartical and
horizontal direction that depend on turbulent intensity and on
channel depth or width as the length scales. In contrast, vide
*unbounded™ channels or open coastal areas are characterized by
plune size dependent diffusivities leading to accelerating plume
growth described, for example, by the "4/3 law® of diffusion. 1In
the presence of a stable ambient stratification, the vertical
diffusive mixing is generally strongly damped.

B. Mixing Zone Regqulatjons

The discharge of waste water into a water body can be
considered from two vantage points regarding its impact on
ambient water quality. On a larger scale, seen over the entire
receiving water body, 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)
procedures and models.

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 generic definition of these zones,
commonly referred to as "mixing gones", is embodied in federal
water quality regqulations and often cited in the regulations of
permit granting authorities. As stated previously, mixing zones
are administrative constructs that are independent of
hydrodynamic mixing processes.

(1) Leqgal Backaround- The Clean Water Act of 1977 defines five
general categories of pollutants. These are: (a) conventional,
(b) nonconventional, (c¢) toxics, (d) heat, and (e) dredge and
£ill spoil. The Act distinguishes between new and existing
sources for setting effluent standards. Pollutants designated as
"conventional® would be "generally those pollutants that are
naturally occurring, biodegradable, oxygen demanding materials
and solids. 1In addition, compounds which are not toxic and which
are similar in characteristics to naturally occurring,
biodegradable substances are to be designated as conventional
pollutants for the purposes of the provision.® Examples of
conventional pollutants are: biochemical oxygen demand (BOD),
total suspended solids, and fecal coliform bacteria. Pollutants
designated as “"nonconventional®” would be "those which are not
toxic or conventional®, and some examples are: chemical oxygen
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demand (COD), fluoride, and ammonia. "Toxic" pollutants are
those that cause harmful effects, either acute or chronic, at
very low concentrations; examples of some designated toxic
substances are: nickel, chloroform, or benzidine.

(2) Mixing Zone Definitions- The mixing zone is defined as an
"allocated impact zone” vhere numeric water quality criteria can
be exceeded 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 {(17). Water quality
standards apply at the boundary of the mixing zone, not within
the mixing zone itself. The U.S. EPA and its predecessor
agencies have published numerous documents giving guidance for
deternining mixing zones. Guidance published by U.S. EPA in
Water Quality Standards Handbook (1984) supersedes these sources.
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etting requirements for mixing zones, U.S. EPA (18)

re ‘that gthc area or volume of an individual 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 community of aquatic life in the segment for which
the uses are designated,” and the shape be "a simple contig-
uration that is easy to locate in the body of water and avoids
imp t on biologically important areas,* and "shore hugging
plumes should be avoided.” L

The U.S. EPA rules for mixing zones recognize the State has
discretion whether or not to adopt a mixing zone and to spocit{n
its dimensions. The U.S5. EPA allovws the use of a mixing zone
permit applications except where one is prohibited in State-
regalations. A previous review (7) of individual State mixing
zone policies (18,6) found that 48 out of 50 States make use of a
mixing zone in some form; the exceptions are Arizona and Pennsyl-
vania. State regulations dealing with streams or rivers .
generally limit mixing zone widths or cross-sectional areas, and
allow lengths to be determined on a case-by-case basis.

In the case of lakes, estuaries and coastal wvaters, some
states specify the surface area that can be affected by the
discharge. The surface arsa limitation usually appliess to the
underlying water column and benthic area. In the absence of
specific mixing zone dimensions, the actual shape and size is
determined on a case-by-case basis.

Special mixing zone definitions have been developed for the
discharge of municipal wastewater into the coastal ocean, as reg-
ulated under Section 301(h) of the Clean Water Act (19). Often
these same definitions are used also for industrial and other
discharges into coastal wvaters or large lakes, resulting in a
plurality of terminology. For those discharges, the mixing zone
was labeled as the ®"sone of imitial dilutiom® in which rapid
mixing of the waste stream (usually the rising buoyant fresh
wvater plume within the ambient saline water) takes place. EPA
requires that the "zone of initial dilution® be a regularly
shaped area (e.g. circular or rectangular) surrounding the dis-
charge structure (e.g. submerged pipe or diffuser line) that
encompasses the regions of high (exceeding standards) pollutant
concentrations under design conditions (19). 1In practics,
limiting boundaries defined by dimensions egual to the wvater
depth measured horizontally from any point of the discharge
structure are accepted by the EPA provided they do not violate
other mixing zone restrictions (19).

3) Special Mixing Zone Requirements for Toxic Substances—- The
‘().;. EPA maintains two water quality criteria for the allowable
concentration of toxic substances: a criterion maximum concen-
tration (CMC) to protect against acute or lethal effects; and a
criterion continuous concentration (CCC) to protect against
chronic effects (2). The CMC value is greater than or equal to
the CCC value and is usually the more difficult of the two
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criterion to satisfy. The CCC must be met at the elge of the
sane requlatory mixing zone specified for conventional and
nonconventional discharges.

In order to prevent lethal concentrations of toxics in the
regulatory mixing zone, the CMC criterion must be met within a
short distance from the ocutfall or in the pipe itself. 1I1f
dilution of the toxic discharge in the ambient environment is
allowed, this requirement, which is conmonly called the texiec
dilution sone (TD3), is usually more restrictive than the legal
mixing zone for conventional and nonconventional pollutants. 1In
the 1985 Toxics TSD document (6), a minimum exit velocity of 3
Deters per second (10 feet per second) was required in order to
provide sufficiently rapid mixing that would minimize organisa
exposure time to toxic material. The revised 1991 Toxics TSD
document (2) makes the minimum exit velocity simply a recommenda-
tion for new discharges, recognizing that the restrictions listed
in the following paragraph can in many instances also be met by
other designs, especially if the ambient velocity is large.

The outfall design must meet all of the following geometric
restrictions for a TDZ:

- The CMC must be met within 10% of the distance from the edge
of the outfall structure to the edge of the regulatory
nixing zone in any spatial direction.

- The CMC must be met within a distance of 50 times the dis-
charge length scale in any spatial direction. The discharge
length scale is defined as the square-root of the cross-
sectional area of any discharge outlet. This restriction is
intended to ensure a dilution factor of at least 10 within
this distance under all possible circumstances, including
situations of severe bottom or surface interaction. :

- The CMC must be met within a distance of 5 times the local
wvater depth in any horizontal direction. The local water
depth is defined as the natural water depth (existing prior
to the installation of the discharge outlet) prevailing un-
der mixing zone design condition (e.g. low flow for rivers).
This restriction will prevent locating the discharge in very
shallow environments or very close to shore, vhich would
result in significant surface and bottom concentrations (2).

(4) cCurrent Permitting Practice on Mixing Zones- It is -
difficult to generalize the actual practice in implementing
the mixing zone regulations, given the large number and diverse
types of jurisdictions and permit-granting authorities
involved. By and large, however, current procedure falls into
one of the following approaches, or may involve a combination
thereof.

(i) The mixing zone is defined by some numerical dimension,
as discussed above. The applicant must then demonstrate that the
existing or proposed discharge meets all applicable standards for
conventional pollutants or for the CCC of toxic pollutants at the
edge of the specified mixing zone.
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(ii) Mo numerical definition for a mixing zone may apply.
In this case a mixing zone dimension may be proposed by the
applicant. To do so the applicant generally uses actual
concentration measurements for an existing discharges, dye
dispersion tests or model predictions to show at what plume
distance, width, or region, the applicable standard will be met.
The applicant may then use further ecological or water use~
oriented arguments to demonstrate that the size of that predicted
region provides reasonable protection. The permitting authority
may evaluate that proposal, or sometimes pursue its own
independent proposal for a mixing zone. This approach resembles
a negotiating process with the objective of providing optisal
protection of the aquatic environment consistent with other uses.

As regards the acute, or CMC, criterion for toxic pollu-
tants, the spatial restrictions embodied in the Toxics TSD
document (2) call for very specific demonstrations of how the CMC
criterion is met at the edge of the *toxic dilution zone". Again,
field tests for existing discharges or predictive models may be
used.

(S) -2 - A Hyd Processes and
Mixing Zone Dipensions- The spatial requirements in mixing zone
regulations are not always correlated with the actual
hydrodynamic processes of mixing. With few exceptions, the toxic
dilution criteria apply to the near-field of most discharges
since the TDZ criteria (2) are spatially highly restrictive. The
regular mixing zone boundaries, however, may be located in the
near—field or the far-field of the actual effluent discharge flow
since they are administratively determined by the permit-granting
authoxrity. Thus, the analyst must have tools at his disposal
with the capability to address both the near and far-field
situations.

III  GENERAL FEATURES OF THE CORMIX SYSTEM

This section provides a general description of common
features of all three CORMIX subsystems. The subsystems are
CORMIXX, CORMIX2 AND CORMIX3 for the-analysis of submerged single
port, submerged multiport and buéyant surface outfall
configurations, respectively. The following two sections give a
detailed user's quide for developing the required input data and
for understanding program output. Reference is made throughout
this bulletin to the subsystem versions dated August 1990; other
versions may differ somewhat.

A. Qverview

The CORMIX system represents a robust and versatile
computerized methodology for predicting both the qualitative
features (e.g. flow classification) and the quantitative aspects
(e.g. dilution ratjo, plume projectory) of the hydrodynamic
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mixing processes resulting from different discharge configura-
tions and in all types of ambient water bodies, including small
streams, large rivers, lakes, reservoirs, estuaries, and coastal
wvaters. The methodology: (a) has been extensively verified by
the developers through comparison of simulation results to
avajlable field and laboratory data on mixing processes (7,8,9),
(b) has undergone independent peer review (10,11,12) and (c) is
equally applicable to a wide range of problems from a simple
single submerged pipe discharge into a Bmall stream with rapid
cross-sectional mixing to a complicated multiport diffuser
installation in a deeply stratified coastal water. System
experience suggests that CORMIX1 applies to better than 95% of
submerged single-port designs, CORMIX2 to better than 80% of
multiport diffusers, and CORMIX3 to better than 90% of surface
discharges.

The methodology provides answers to questions that typically
arise during the application of mixing zone regulations for both
conventional and toxic discharges. More importantly, this is
accomplished by utilizing the customary approaches often used in
evaluating and implementing mixing zones, thereby providing a
common framework for both applicants and regulatory personnel to
arrive at a consensus view of the available dilution and plume
trajectory for the site and effluent discharge characteristics.

The methodology also provides a way for personnel with
little or no training in hydrodynamics to investigate improved
design solutions for aquatic discharge structures. To limit
misuse, the system contains limits of applicability that prevent
the simulation of situations for which no safe predictive method-
ology exists, or for discharge geometries that are undesirable
from a hydrodynamic viewpoint. Furthermore, warning labels, data
screening mechanisms, and alternative design recommendations are
furnished by the system. The system is not fool proof, however,
and final results should always be examined for reasonableness.

Finally, CORMIX is an educational tool that intends to make
the user more knowledgeable and appreciative about effluent
discharge and mixing processes. The system is not simply a black
box that produces a final numerical or graphical output, but
contains a interactive menu of user guidance, help options, and
explanatory material of the relevant physical processes. These
assist users in understanding model predictions and exploring the
sensitivity of model predictions to assumptions.

B. capabilities and Major Assumptions of the Three Subsvstems

CORMIX1 predicts the geometry and dilution characteristics
of the effluent flow resulting from a submerged single port
Qiffuser discharge, of arbitrary density (positively, neutrally,
or negatively buoyant) and arbitrary location and geometry, into
an ambient receiving water body that may be stagnant or flowing
and have ambient density stratification of different types.
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CORMIX2 applies to three commonly used types o submerged
nultiport diffuser discharges under the same general effluent and
ambient conditions as CORMIX1. It analyzes unidirectional,

staged, and alternating designs of multiport diffusers and allows

for arbitrary alignment of the diffuser structure within the
ambient water body, and for arbitrary arrangement and orientation
of the individual ports. CORMIX2 uses the “equivalent slot
diffuser” concept and thus neglects the details of the individual
jets issuing from each diffuser port and their merging process,
but rather assumes that the flowv arises from a long slot
discharge with equivalent dynamic characteristics. Hence, if
details of the effluent flow behavior in the immediate diffuser
vicinity are needed, an additional CORMIX1 simulation for an
egquivalent partial effluent flow may be recommended.

CORMIX3 analyzes buoyant surface discharges that result when
an effluent enters a larger water body laterally, through a
canal, channel, or near-surface pipe. In contrast to CORMIX1 and
2, it is limited to positively or neutrally buoyant effluents and
assumes a uniform (i.e. unstratified) ambient density. The
latter is not a major limitation because even in actual density-
stratified enviromments, only the ambient density in the near-
surface layer is dynamically important for these discharges and
it can readily be assumed as uniform. Different discharge
geonetries and orientations can be analyzed including flush or
protruding channel mouths, and orientations normal, obliquc, or
parallel to the bank.

Aditional major assumptions include the following. All
subsystems require that the actual cross-section of the water
body be described as a rectangular channel that may be bounded
laterally or unbounded. The ambient velocity is assumed to be
unifora within that cross-section. 1In addition to a uniforam
ambient density possibility, CORMIX1 and 2 allow for four types
of ambient stratification profiles to be used for the
approximation of the actual vertical density distribution (see
Section IV =

processes. To incorporate such mechanisms into an analysis, the
user can modify model predictions with additional calculations.

C. Svstem Processing Sequence and Structure

All three CORMIX subsystems have an identical system
configuration. Figure 8 shows the overall structure and the
execution sequence of the program elements of each CORMIXn
subsystem where "n® stands for 1, 2 or 3, respectively. During
program execution, the elements are loaded automatically and
sequentially by the system. Each element provide user
interaction and prompting in response to displayed information.
This may somevhat extend the total time required for a single
CORMIXn session, but has offsetting benefit of allowing the user
to gain process knowledge and insight on design sensitivity.
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The program elements of CORMIXn are composed of. DATINn,
PARAMn, CLASSn, HYDROn, and SUMn (Figure 8). DATINn is the
program element for the entry of data and initialization of other ;
program elaments. PARAMn uses the input data to compute a number :
of important physical parameters and length scales, as precursor ~ |
to CLASSn which performs the hydrodynamic classification of the ;
given discharge/ambient situation into one of many possible
generic flow configurations. HYDROn performs the actual detailed
numerical prediction of the effluent plume characteristics.
Finally, SUMn summarizes the results from the classification and
prediction, interprets them as regards mixing ‘zone regulations,
suggests design alternatives, and allows sensitivity analysis to
be conveniently conducted using the current input data.

Due to its diverse programming requirements, CORMIX is
written in two programming languages: VP-Expert, an "expert
systenms shell", and FORTRAN. The former is powerful in knowledge
representation and logical reasoning, while the latter is adept
at mathematical computations. Program elements DATINn, PARAMn,
CLASSn, and SUMn are written exclusively in VP-Expert. HYDROn is
written in VP-Expert and FORTRAN.

D. Data Input Features

All data are entered interactively in response to the CORMIX
system prompts generated by the data input program element
DATINN. DATINn querias the user for a complete specification of
the physical environment of the discharge, as well as the
applicable regulatory considerations for the situation undergoing
analysis. A CORMIX1 or 2 session commences with guestions on
four topics which are asked sequentially in this order: site/case
descriptions, ambient conditions, discharge characteristics, and
level of output detail and regulatory definitions. These
questions are generated by program segments ASITEn, AMBIENTn,
DISCHn, and ZONESn, respectively. Data entry is entirely guided
by the system and the available advice menu options provide
expanded descriptions of the questions, if clarification is
needed. Section IV provides complete details on input
specification for the three CORMIXn subsystems.

E. logic Elements of CORMIXn: Flow Classification

To make predictions of an effluent discharge's dilution and
Plunme projectory, CORMIXn typically combines the solutions of
several simple flow patterns to provide a complete analysis from
the efflux location all the way into the far-field. The logic
Processing elements of CORMIXn identify which solutions should be
combined to provide the complete analysis. This process, called
flow classification, develops a generic qualitative description
of the discharge flow and is based on known relationships between
flow patterns and certain calculated physical parameters.

PARAMn is the progrz- element that computes relevant phys-
ical parameters including: the various length scales, fluxes, and
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other values needed for the execution of other i:ro'gru olu"nts.
scales are calculated measures of the length of dynamic
influence of various physical processes (see Section IV § V).

At the heart of CORMIXn is a flow classification system U
contained in the program elemsnt CLASSn. It provides a rigorous
and robust expert knowledge base that carefully distinguishes
among the many hydrodynamic flow patterns that a discharge may
exhibit. As examples, thesa possibilities include discharge
pPlumes attaching to the bottom, plumes vertically mixing due to
ingtabilities in shallow water, plumes becoming trapped
intarnally due to density stratification, and plumes intruding
upstream against the ambient current due to bucyancy, and many
others. Theoretically based hydrodynamic criteria using length
scale analysis and espirical knowvledge from laboratory and field
experimentation, are applied in a systematic fashion to identify
the most appropriate flow classification for a particular
analysis situnation. For all three subsystems, a total of about
80 generic flow configurations or classes can be distinguished.

The classification procedure of CORMIXn is ‘based on tech-
nical principles and has been verified by the developer through
repeated testing and data comparison. It has also undergone
independent peer review (10,11,12). The three documentation
manuals (7,8,9) give the detajiled scientific background for the
classification scheme, in form of a number of criteria. The
actual criteria constants are listed in the technical reports

-with comments on their scurces and degree of reliability; they

also can be inspected in the files \CMXn\DATAn\CONSTn.

ienced users, especially those involved in research applications,
may wvant to inspect these files and occasionally vary some con-
stant values within certain limits in order to examine improved
prediction fits with available high-quality data. Extreme
caution must be exercised when doing that as some values are
interdependent; furthermore, if changes are made, they should be
carefully documented.

When CLASSn hag executed, a description of the particular
flow class is available to the user in the form of on-screen or
hardcopy computer output; these description are also contained in
the documentation manuals (7,8,9). It is recommended that the
novice or intermediate user review these to gain an appreciation
of the involved hydrodynamic mixing processes.

P. Simulation Elements of CORMIXn: Flow Prediction

Once a flow has been classified, CORMIXn assembles and
executes a sequence of appropriate hydrodynamic simulation
modules in the program element HYDROn. HYDROn consists of: (a)
control programs or “protocols® for each hydrodynamic flow
classification and (b} a large number of subroutines or
®"simulation modules" corresponding to the particular flow
processes, and their associated spatial regions, that occur
within a given flow classification. The simulation modules are
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based on buoyant jet similarity theory, ambient diffusion theory,
and stratified flow theory, and on simple dimensional analysis,
as described elsawhere (7,8,9). The basic tenet of the
simulation methodology is to arrange a sequence of relatively
sinple simulation modules which, when executed together, predict
the trajectory and dilution characteristics of a complex flow.
Each of the simulation models uses the final values of the
previous module as ®"initial conditions*.

G. System Output Features: Desjign Sumpary and Iterations

SUMn is the final program element that summarizes the

hydrodynamic simulation results for the case under consideration. '

The output of SUMn is arranged in four groups:

(1) Site suymmary gives the site identifier information, dis-
charge and ambient environment data, and discharge length scales.

: 2 p_Sumpary lists condi-
tions at the end ot the hydrodynan;c mixinq zone (HMZ),
requlatory mixing zone (RMZ) conditions, toxic dilution zone
(TDZ) conditions, region of interest (ROI) conditions, upstream
intrusion information, bank attachment locations, and a passive
diffusion mixing summary. Users should be cognizant of the four
major zone definitions, and associated acronyms, introduced above
and defined as follows:

ynamic Mixing Zone (HMZ): The HMZ is simply the zone
of strong initial mixing, corresponding to the "near-field"
processes discussed in Section II. It has no regulatory
implication whatsoever. However, the information on size
and mixing conditions at the edge of the HMZ is given as a
useful guide to the discharge designer because mixing in the
HMZ is usually sensitive to design conditions, and therefore
somewhat controllable. A notable exceptiop is the effluent
discharge into very shallow flow-limited streans where the
actual discharge port design detail may have little bearing
on instream concentrations.

Regulatory Mixing Sone (RM3): The RMZ corresponds to
either: (1) the applicable mixing zone regulation with
specified size dimensions, or (2) a preliminary proposal for
a mixing zone (see Subgection IIB(3)). In CORMIX1l and 2
versions prior to August 1991, and in the some reports, this
wvas labeled inconsistently as the Legal Mixing Zone (LME).

Toxic Dilution Zone (TD3): The TDZ corresponds to the EPA‘'s
definition of vwhere toxic chemical concentrations may exceed
the CMC value (see Sybsection IIB(3)).

Region of Interest (ROI): The ROI is a user defined region
of the rcceiving waterbody where mixing conditions are to be
analyzed. It is specified as the maximum analysis distance
in the direction of mixed effluent flow and is particularly
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important when legal mixing zone restrictions do not exist
or when information over a larger area is of int‘rost.

{3) Data analysis section presents further details on toxic
dilution zone criteria, regulatory mixing zone criteria, stagnant
ambient environment information, and region of interest criteria.

(4) Design recommendations section contains duiqn suggestions
in three general areas for improving initial dilution. These
include: (a) geometry variations in discharge port design, (b)
sensitivity to ambient conditions, and (c) process variations in
discharge flow characteristics. The user is given guidance on
the potential changes in mixing conditions from varying parameter
values within these groups.

The user can choose among the following printed output
options, all in text form: (a) a summary of the entire CORMIX
session, (b) the summary contained in the SUMn element as
described above, (c) printouts of the gualitative flow class de-
scription, and (d) a detailed file giving the numerical values of
the hydrodynamic simulation generated in program element HYDROnN.
At present, CORMIX does not contain any graphical output display.

Finally, SUMn is also used as an interactive loop to guide
the user back to DATINn to alter design variables and perform
sensitivity studies. Different options for iteration exist
depending on wvhat input data changes are to be made. The
importance of performing an ample number of CORMIX iterations
cannot be sufficiently stressed. To obtain a design that
adequately meets water gquality and engineering construction
objectives, it is necessary to get a feel for the physical
situation and its sensitivity to desiqn changes through repeated
system use.

H. Equipment Requirements. System Installation and Run Times

The minimum hardware configuration required for CORMIX is an
IBM-PC/XT compatible microcomputer with: (a) a minimum of 582Kb
of available RAM memory, (b) a math co-processor, (c) approxi-
mately 1Mb of hard disk space per installed subsystem, and (d)
DOS 3.3 or higher operating system. Computers with more advanced
main processors (e.g. 80386) are preferable because they
substantially reduce the time to complete an analysis.

The RAM memory requirement of CORMIX may present an cbstacle
to many users because the configuration requirements of many
commercial applications packages and the installation of menmory
resident software frequently reduce available RAM memory to less
than 582kB. The amount of available RAM memory can be determined
with the DOS command CHKDSK. Although there are numerous
approaches for increasing the size of a computer's available RAM
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mamory, the simplest way is "boot® the computer froam a floppy
"system®” disk that contains no AUTOEXEC.BAT file and a CONFIG.SYS
file which contains only the statements "FILES=20" and
“BUFFERS=20" on separate lines. This should be done just prior
to beginning an analysis session since it will temporary disable’
programs that consume RAM memory. At the completion of tha
analysis session, the computer should be "booted® from the hard
drive to restore normal operations. A bootable floppy  system
disk can be created with the DOS command FORMAT a:/S.

The CORMIXn subsystems must be installed on a hard disk
drive. The directory structure of each subsystem CORMIXn
(Table 1) is fixed; it gets set up during the installation
process; and it consists of a subsystam root directory, called
"CMXn*", and eight daughter directories, all ending with the
suffix "n". Complete installation instructions are available
with CORMIXn distribution diskettes. .

Depending on computer configuration, a typical CORMIX2 ses-
sion for one discharge/ambient condition may take about 5 minutes
for an advanced 80386-based computer to about 20 minutes for an
80286-based computer if all necessary input data is at hand.

IV DATA INPUT

A. General Aspects of Interactive Data Input

- The three subgystems have similar data input featurss and
requiremants. Data input occurs interactively in response to
CORMIX system prompts and is entirely guided by the system. The
user is automatically prompted for a complete specification of:
site/case descriptions, ambient conditions, discharge character-
istics, and level of output detail desired and regulatory defini-
tions. The data for each of these four topical areas are called
input data sequences herein. (Questions are asked in plain
English. Advice menu options within the program are available to
provide help on how to prepare and enter data values vhan clari-
fication of the system prompts is needed. The contents these are
also available in the documentation manuals (7,8,9).

Data can bes entered in an open format without concern for
letter case or decimal placement. The only constraint is that
the following characters may not be entered in response to any
question: :

+ = { ) , <> v ® 4\

The system checks data entries for consistency with guestion
type (e.g. 2 alpha character for water depth), obvious physical
errors (e.g. a negative length), possible inconsistencies with
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Directory Name comments

pd\CMXn ’ system root directory; contains VP-
Expert systsnm files and the knowledge
base program CORMIXn (system driver)

pA\CMXn\ADVICEn contains all user-requested advice files
pa\CMXn\BATn contains DOS batch files for program

execution, data file manjipulation, and
program control

pd\CMXn\CACHENn contains cache "fact" files exported
from knowledge base programs

pd\CMXn\DATAR contains constants used in flow
classification and other knowledge base
programs

pd\CMXn\DESCn containg flow descriptions for each flow
class

pd\CMXn\KBSn contains all knowledge base programs

pd\CMXn\PGMSNn contains Fortran hydrodynamic simulation

program and file manipulation programs
pd\CMXn\SIMn contains simulation results

Note: n =3, 2, or 3
pd = parent directory
Examples for pd:
pd = d:\CORMIX (recommended)
pd = d: (if installation Airectly on hard disk drive)
pd = A:\MIXING\CORMIX (where "MIXING" may be a major
diractory containing all effluent related work)
d: = valid hard disk drive

previous entries (e.g. an angular value implying that a port
points directly back to the shoreline) and situations outside the
ranges of wmodel applicability. 1Inconsistency with question type
and obvious physical errors require immediate rea-entry while
possible inconsistencies with previous entries lead to a warning
label and the opportunity for later correction. Entries
specifying situations outside the ranges of model applicability
usually require the re-entry of the entire data segment.
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As discussed in Section III, data input occurs in three or
four program segments that load automatically. -Once a complete
input data sequence has been specified, it is gets summarized on-
screen for the user to check. If something needs to be changed,
the entire input data seguence has to be re-entered in correct
form.

Due to the similarity of data entry for the three
subsystems, a common description is given for all input data
sequences, except discharge data to which a separate subsection
for each CORMIXn subsystem is devoted below. Purther guidance on
data specification can bs obtained from exanining the case
studies in the Appendices and from the documentation manuals
(7,8,9). Polloving the discussion of input data sequences, units
of measure conversion factors and checklists for input
preparation are presented.

B. Site/Case Identifijer Data

The first input data sequence determines basic information
needed for the program to operate. These include: a four-part
identifier for labeling output, a computer file name and whether
to echo screen output to a printer.

It is necessary to specify four site/case labels that
facilitate the rapid identification of printed output and
aid in good record-keeping. The system provides for one label
called SITE NAME (e.g. Blue River), another called DISCHARGER
(e.g. B-Company), another called POLLUTANT (e.g. Mercury), and
another called DESIGN CASE (e.g. 7Q010-low-flow, or High-velocity-
port).

The user needs to supply a DOS-compatible FILE NAME,
up to eight characters long, and without extension (e.g.
8dif7q10). CORMIX will use that user-specified file name
"fn", and create, transfer, or store intermediate or final
data files with that same file name, but with different
extensions. The nmost important of these are the two output data
files, *fn".CXS and "£n".CXO which are discussed further in
Section ¥

Finally, the user is also asked to specify whether a hard-
copy record of the CORMIX session should bs recorded on an
attached printer. Since several iterations of an analysis are
typically required to gain a thorough understanding of the mixing
processes at a site, it is recommended that this feature be used
at all times and that the printouts be retained for later
reference.

C.  Ambient Data
Ambient conditions are defined by the geometric and
graphic conditions in the vicinity of the discharge. Due to the
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significant effect of boundary interactions on mixing processes,
the ambient data requirements for the laterally bounded and
unbounded analysis situations are presented separately in the
discussions below. PFollowing these is a discussion on ambient
density specification.

. The process of describing a receiving waterbody's

- geometry with a rectangular cross-section is herein called

schematigation.

The first step towards specifying the ambient conditions is
to determine whether a receiving waterbody should be considered
"bounded”® or "unbounded.” To do this, as well as answer other
questions on the ambient geometry, it is usually necessary to
have access to cross-sectional diagrams of the waterbody. These
should show the area normal to the ambient flow direction at the
discharge site and at locations further downstream. If the
wvaterbody is constrained on both sides by banks such as in
rivers, streams, narrow estuaries, and other narrow watercourses,
then it should be considered "bounded."” However, in some cases
the discharge is located close to one bank or shore while the
other bank is for practical purposes very far away. When inter-
action of the effluent plume with that other bank or shore is -
impossible or unlikely, then the sjituation should be considered
*unbounded.” This would include discharges into wide lakes, wide
estuaries, and coastal areas.

(1) . Bounded Cross-Section~ Both geometric (bathymetric) and
hydroqraphic (ambient discharge) data should be used for defining
the appropriate rectangular cross~section. This schematization
may be quite evident for well-channeled and regular rivers or
artificial channels. Por highly irregular cross-sections, it may
require more judgment and perhaps several iterations of the
analysis to get a better feel on the sensitivity of the results
to the assumed cross-sectional shape.

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

a) Be aware that a particular flow condition such as a river
discharge is usually associated with a certain water surface
elevation or "stage.® Data for a stage-discharge relationship is
normally available from a USGS office; otherwise it can be
obtained from a separate hydraulic analysis or from field
measurements.

In the simplest case of a river flow, if river depth is
known for a certain flow condition (subscript 1 in the following)
corresponding perhaps to the situation at the time of a field
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study, then the depth for a given design (e.g. low) flow
(subscript 2) can be predicted from the Manning's equation

- A [m.]%
HA, oA,
in which QA is the ambient river flow and HA the mean ambient
depth. This approach assumes that the both the ambient width and

frictional characteristics of the channel (i.e. Manning's n)
remain approximately the same during such a stage change.

b) For the given stage/river discharge combination to be
analyzed, assemble plots showing the cross-sections at the
discharge and several downstream locations. Examine these to
determine an “equivalent rectangular cross-sectional area.® Very
shallow bank areas or shallov flcocodways may be neglected as
unimportant for effluent transport. Also, more weight should be
given to the crouss-sections at, and close to, the discharge
location since these will likely have the greatest sffect on
near-field processes. provides an example of the
schematization process for a river or estuary cross-section.

C) The input data values for surface width (BS) and
(average) depth (EA) should be determined from the equivalent
rectangular cross-sectional area. When ambient discharge and
ambient velocity data are available, the reasonableness of the
schematization should be chacked with the continuity relation.
It specifies that ambient discharge equals velocity times cross-
sectional area, where the area is given by the product of average
width and depth. o

d) CORMIX1 and 2 also require specification of the actual
water depth (HD) at the submerged discharge location which is
uniquely different from the depth to the discharge port
centerline. A check is built into CORMIX1 and 2 allowing the
local depth HD not to differ from the schematized average depth
HA by more than +/- 30%. This restriction is included to prevent
CORMIX misuse in several discharge/ambient combinations involving
strongly non-uniform channels. Alternative schematizations can
be explored by the user to work around the restriction. The
choice for these alternatives may be influenced somewhat by the
expected plume pattern. As an example, Figure 9b illustrates a
snall buoyant discharge that is located on the side slope of a
deep raservoir and that is rising upward. 1In this situation, the
correct representation of the deeper mean reservoir depth is
irrelevant for plume predictions. Although the illustration is
gor an unbounded example, the corments on choice of HA apply

ere, too.

When schematizing HA and HD in highly non-uniform
conditions, HD is the variable that usually influences near-field
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mixing, while HA is important for far-field tnncportand never
influences the near-field.

CORMIX3 uses the variable HD for the actual water depth
which is observed at the chanmnel antry (ED) location and it
requires an additional specification for the receiving water
bottom slope (TEETAB). THETAB is the slopa of the receiving
vater bottom surface in the direction perpendicular to the
shoreline. These details are important for identifying cases
where plume attachment to the bottom can occur.

e) The ambient discharge (QA) or meam ambient velocity (UA)
may be used to specify the ambient flow condition. De
which is specified, the program will calculate and display the
other. The displayed value should be checked to see whether it
is congistent with schematizations and continuity principles
discussed above.

. The éimulation of stagnant conditicms should usually be
avoided. If zero or a very small value for ambient velocity or
discharge is entered, CORMIX will label the ambient environment
as stagnant. 1In this case, CORMIX will predict only the near-
field of the discharge, since steady-state far-field processes
require a mean transport velocity. Although stagnant conditions
often, but not necessarily always, represent the extreme limiting
case for a dilution prediction, a real waterbody never is truly
stagnant. Therefore, a more realistic assumption for natural
vatnr:gdias would be to consider a small, but finite ambient
crossflov.

f) As a measure of the roughness characteristics in the
channel the value of Manning's n, or alternatively of the
Darcy-Weisbach friction factor £, must be specified. Friction
values are useful for applications in laboratory studies. 1If
Manning's n is given, as is preferable for field cases, CORMIX
1nte§Tllly converts it to an f friction value using the following
equation

n?
f=8g—au
in which g = 9.81 n/s®.

The friction parameters influence the mixing process only in
the final far-field diffusion stage, and do not have a large
impact on the predictions. Generally, if these values can be
estimated within +/-308%, the far-field predictions will vary by
+/-10% at the most. The following list is a brief guide for
specification of Manning's n values; additional details are
available in Chow (20). .

-3;-
channel type ! .
Smooth earth channel, no wveeds 0.020
Earth channel, some stones and weeds 0.025 .
Clean and straight natural rivers 0.025 - 0.030
Winding channel, with pools and shoals 0.033 - 0.040
Very veedy streams, winding, overgrown 0.050 - 0.150
Clean straight alluvial channels 0.031 4*

(4 = 75% sediment grain size in feet)

(2) Unbounded Cross-section- Both hydrographic and geometric-
information are closely linked in this case. The following
comments apply: -

a) From lake or reservoir elevation or tidal stage data,
deternine the water depth(s) for the receiving water condition to
be analyzed.

b) For the given receiving water condition to be analyzed,
assemble plots showing water depth as a function of distance from
the shore for the discharge location and for several positions
downstream along the ambjent current direction.

c) If detailed hydrographic data from field surveys or from
hydraulic numerical model calculations are available, determine
the "cumulative ambient discharge” from the shore to the
discharge location for the discharge cross-section. For each of
the subseguent downstream cross-sections, determine the distance
from the shore at which the same cumulative ambient discharge has
been attained. Mark this position on all cross-sectional
profiles. Examine the vertically averaged velocity and the depth
at these positions to determine typical values for the ambient
depth (HA) and ambient velocity (UA) input specifications. The
conditions at, and close to, the discharge location should be
given the most weight. The distance from the shore (DISTB) for
the ocutfall location is typically specified as the cumulative
ambient discharge divided by the product UA times HA.

When detailed hydrographic data are unavailable, data or
estimates of the vertically averaged velocity at the discharge
location ¢can be used to specify HA, UA, and DISTB. First,
determine the cumulative cross-sectional area from the shore to
the discharge location for the discharge cross-section. For each
of the subsequent downstream cross-sections, mark the position
where the cumulative cross-sectional area has the same value as
at the discharge cross-section. Then proceed as discussed in the
preceding paragraph.

d) The specification of the actual water depth at the
submerged discharge location (HD) in CORMIX1 and 2 is governed by
considerations that are similar to those discussed earlier for
bounded flow situations (see Suybsection IVC(1id).
shows an illustration of the schematization for a small buoyant
discharge located on the side slope of a deep reservoir. The
plume is expected to rise upward and stay close to one shore,




-34=-

with bottom contact and vertical mixing not expected. In this
situation, no emphasis on replicating the mean reservoir d..pth
and the actual width is necessary. However, care must still be
taken to specify an ambient mean velocity that is: (a) charac-
teristic of the actual reservoir and (b) not determined using the
reduced depth assumption.

The specification of HD for CORMIX3 is identical to the
bounded case.

e) Either Manning's n or the Darcy-Weisbach frictiom
factor f can be specified for the ambient roughness char-
acteristics as described previously for the bounded case (see
Subsection IVC(l)e). If the unbounded case represents a large
lake or coastal area, it is often preferable to use the friction
factor f. Typical f values for such open waterbodies range from
0.020 to 0.030, with larger values for rougher conditions.

(3) Aambient Density Specificatjon: Information about the
density distribution in the ambient water body is very important
for the correct prediction of effluent discharge plume behavior.
CORMIX first inquires whether the ambient water is fresh water or
non-fresh (i.e. brackish or saline). If the ambient water is
fresh and above 10 °C, the system provides the option of entering
ambient temperature data so that the ambient density values can
be internally computed from an equation of state. This is the
recommended option for specifying the density of fresh vater,
even though ambient temperature per se¢ is not needed for the
analysis of mixing conditions. In the case of salt water
conditions, Figure 10 is included as a practical guide for
specifying the density if "salinity values® in parts-per~-thousand
(ppt or °/,) are available for the waterbody. Typical open ocean
salinities are in the range 33 - 35 ppt.

In CORMIX1l and 2, the user then specifies wvhether the
ambient density (or temperature) can be considered as uniform or
as non-uniform within the water body, and in particular within
the expected plume regions. As a practical guide, vertical
variations in density of less than 0.1 kg/m’ or in temperature of
less than 1 °C can be neglected. For uniform conditions, the
aVerage ambient density or average temperature must be specified.

When conditions are non-uniform, CORMIX1 and 2 require that
the actual measured vertical density distribution be approximated
by one of four schematic stratification profile types illustrated
in Figure 11. These are: Type A, linear density profile; Type B,
two—-layer system with constant densities and density jump; Type
C, constant density surface layer with linear density profile in
botton layer separated by a density jump; and Type D, constant
density surface layer with linear density profile in bottom layer
without a density jump. Corresponding profile types exist for
approximating a temperature distribution when it is used for
specifying the density distribution.
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After selecting the stratification approximation to.be used, « PLAN VIEW CROSS - SECTION
the user then enters all appropriate density (or temperature) - . z
values and pycnocline heights (HINT) to fully specify the pro- -

. Y
files. The pycnocline is defined as zone or level of strong . : Ye |gs ] fa y %
,jc
49
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density change that separates the upper and lower layers of the 4 WA' 8 7¢ 'L"o
water column (see Figure 11b). The program checks the density ! x Triry s
specification to insure that stable ambient stratification exists | 0ISTB

(i.e. the dengity at higher elevations must not exceed that at : : - D,Ug. 8pq. Co
lower elevations). [ PIVITITIITT I IV TI VT T TIT I TV 777 . '

i

N

Note thaz a dynamically correct approximation of the actual -
density distribution should keep a balance between over- and . L ae . . -
under-estimation of the actual data similar to a best-fit in o) Definition Diagram CORMIX1 (Specigl case: HA=HD)
regression analysis. If simulation results indicate internal .
plume trapping, then it is desirable to test --through repeated
use of CORMIX~- different approximations (i.e. with different
stratification types and/or parameter values) in order to
evaluate the sensitivity of the resulting model predictions.

In CORMIX3, only a uniform average ambient density possi- b3
bility exists because this subsystem applies only to buoyant
discharges occurring at or near the water surface. When ambient
stratification exists, an average value representing the upper
layer of the water body should be specified. For most cases, the
depth of the discharge channel is a useful averaging distance.
However, for strongly mixing cases including those with near- 2 S+ —— Density profile Range
field instability and bottoas attachment, a larger averaging depth - ot exampie of h
may be warranted after inspection of the initial simulation i P it
results. ’ HD

D.  pischarde Data: CORMIXL ' )
is a definition sketch giving the geometry and

flow characteristics for a submerged single port discharge within
the schematized cross-section.

4R

_____ — hygy *0.4HD
— ~— — = —1,*0.33HD

?A' 8o of hy
WIRLY

(1) Discharge Geometrvy- To allow the establishment of a 220 | I

reference coordinate system and orient the discharge to that 9° 245 D<HD
reference, CORMIX1 reguires the specification of 6 data entries. Ronge
These specifications are illustrated in Figure 123 and include: ‘8, <45 DgHD/3[of D
(a) location of the nearest bank (i.e. left or right) as seen by o

an observer loocking downstream in the direction of the flow, (b)

distance to the nearest bank (DISTB), (c) port radius or cross-

sectional area for non-circular shaped ports, (d) height of the n o

port (EO) center above the bottom, (e) vertical angle of b) Limits of Applicabilily CORMIX1

discharge (THETA) between the port centerline and a horizontal
plane, and (f) horisontal angle of discharge (S8IGMA) measured
counterclockwise from the ambient current direction (x-axis) to
the plan projection of the port centerline. Angle THETA may
range between -45 and 90 *. As examples, the vertical angle is
90 degrees for a discharge pointing vertically upward, and it is
¢ * for a horizontal discharge. Angle SIGMA may range between O
and 360 °. As examples, the horizontal angle is 0 * (or 360 %)
when the port points downstream in the ambient flow direction,
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and it is 90 °, when the port points to the left of the ambient e

flow direction. X
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In order to prevent an inappropriate system application, . —t
CORMIX1 checks the specified geometry for compliance with the
three criteria illustrated in Fjigure 12b. These are: (a) the ; — y /ﬂ
port beight (HO) value must not exceed one-third of the local : Ug ws Y
water depth (HD) value, (b) the port diameter value must not i Ny
exceed HD's value for near-vertical designs, and one-third of G
HD's value for near-horizontal designs, and (c) the pycnocline - - Ly
value must be within the 40 to 90 percent range of HD's value. ‘ i - ~
The port height restriction results from the fact that CORMIX1 . . -
only applies to submerged discharge applications. 1In ordinary i — DISTB
design practice, subperged implies a discharge close to the ' y 8 h°j_
bottom, and not anywhere within the main water column or near the FTTITI I IIIIIITIIITIIIIIE A r TPy rrr T T It TS
water surface. The port diameter restriction excludes very large Nearest Bank
discharge diameters relative to the actual water depth since 0, u,. 4p,. <,
these are unrealistic and/or undesirable. The distance separ-
ating the upper and lower layers of the ambient density profile
type B, C, or D is restricted in order to prevent: (a) discharges o} Definition Diagram CORMIX2 (Special case: HA=HD)
into the upper layer or (b) an unrealistically thick plume
relative to a thin upper layer. For those few extreme situations
that would normally be limited by the above restrictions, Section
7.4 of Doneker and Jirka (7) contains a number of hints on how to
conduct these difficult analyses; only advanced users should
attempt these techniques. z

(2) Port Discharge Flow- For discharge characteristics, CORMIX1 -
requires the specification of 3 data entries. These specifica- i I R — — b, cO9HD
tions include: (a) the discharge flow rate (Q0) or discharge L

velocity (U0), (b) the discharge demsity or discharge temperature
for an essentially freshwater discharge, and (c) the discharge h. 4+ —- Density profile Range
concentration of the material of interest. The Q0 and U0 vari- b example ] of Ny
ables are related through the port cross-sectional area and the
program computes and displays the alternate value allowing for HD .
user inspection and verification. For a freshwater discharge, +—— e e — — 1, *0.4HD
discharge density can be directly related to temperature via an — —— = = *0.33HD
equation of state since the addition of any pollutant or tracer ’ Range
has negligible effect on density. - ?‘ ng

4K

— 18 of hy
The discharge concentration of the material of interest (e
(pollutant, tracer, or temperature) is defined as the excess =0 ]

il .08 -t -9l =il Wil 1M - ol) ., 1- -1-¥tl-
. The user can specify this quantity in any units.
CORMIX1 predictions should be interpreted as computed excess , . D < HO/5 of D
concentrations in these same units. If no specific pollutant is
under consideration, simply specify a discharge concentration of
100%.

E. Discharce Data: CORMIX2 b} Limits of Applicgbility CORMIX2

A generalized definition sketch showing the geometry and
flow characteristics for a typical multiport diffuser
installation is provided in Figqure 13a. Due to the great number
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of complexities which may rise in describing an existing or : i g
proposed diffuser design, a few definitions are introduced prior B 1021U09 INOYIM
to discussing actual data reguirements of CORMIX2. ——

o

A multiport diffuser is a linear structure consisting of
many more or less closely spaced ports or nozzles which inject a
series of turbulent jets at high velocity into the ambient
receiving waterbody. These ports or nozzles may be connaected to -
vertical risers attached to an underground pipe or tunnel or they
may simply be openings in a pipe lying on the bottom. ' o j
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The diffuser line (or axis) is a line connecting the first
port or nozzle and the last port or nozzle. Generally, the 18
diffuser line will coincide with the connecting pipe or tunnel.
CORMIX2 will agsume a straight diffuser line. If the actual ay
diffuser pipe has bends or directional changes it must be
approximated by a straight diffuser line.

| |
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The diffuser length is the distance from the first to the « -
last port or nozzle. The origin of the coordinate system used by
CORMIX2 is located at the center (mid-point) of the diffuser
line. The only exception is when the diffuser lipne starts at the
shore; then the origin is located directly at the shore.

LA VAWAWE.WAN

[ ]
¢) Alternating diffuser designs, 8,%0

¥
CORMIX2 can analyze discharges from the three major diffuser
types used in common engineering practice. These are illustrated
in Figure 14 and include: (a) the unidirectional diffuser wheres
all ports (or nozzles) point to one side of the Qiffuser line and
are oriented more or less normally to the diffuser line and more
or less horizontally; (b) the staged diffuser vhers all ports
point in one direction generally following the diffuser line with
small deviations to either side of the diffuser line and are
oriented more or less horizontally; and (c) the alternating
diffuser where the ports do not point in a nearly single <
horizontal direction. In the latter case, the ports may point W 0 T T
more or less horizontally in an alternating fashion to both sides

of the diffuser line or they may point upward, more or less o t
vertically.
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(1) Diffuser Geometry-
i 1 This includes the local

Q
ambient receiving water depth (HD) and discharge parameters such . . ,' 'zh ” ,' ” ,;!EE!!!;
as port size, port spacing and discharge per port, stc. If the
actual receiving water depth is variable (e.g. due to an offshore
slope), it should be approximated by the mean depth along the
diffuser line with a possible bias to the wmore shallow near-shore |L b4 —]
conditions. Similarly, mean values should be used to specify
variable diffuser geometry when it occurs.

To allow the establishment of a reference coordinate systenm ! ! !“ ! ! ! ! ! { !
and orient the discharge to that reference, CORMIX2 requires the J
specification of 12 data entries. These specifications are R
illustrated in Figure 13a and include: (a) location of the .
nearest bank (i.e. left or right) as seen by an observer looking
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o) Unidirectional ditfuser designs, 8,30

bl Staged diffuser designs, 8,%0
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downstream in the direction of the flow, (b} average distance to
the mearest bank (DISTB), (c) average diameter (D0) of the
discharge ports or nozzles, (d) average height of the port
centars (HO0) above the bottom, (e) average vertical angle of
discharge (TEETA) between the port centerlines and a horizontal
plane (~45 and 90 °), (f) for the unidirectional and staged
diffusers only, the average horizontal angle of discharge (S8IGMA)
measured counterclockwise from the ambient current direction
(x-axis) to the plan projection of the port centerlines (G to
360 ), (g) approximate straight-line diffuser length (LD)
between the first and last ports or risers, (h) distance from the
shore to the first and last ports or risers (YB1, YB2) of the
diffuser line, (i) number of ports or risers and the number of
perts per riser if risers are present, (j) jet contraction
coefficient value, (k) average alignment angle (GANMA) measured
counterclockwisg from the ambient current direction (x-axis) to
the di!tuser_axxs (0 to 180 °), and (1) for the unidirectional
and staged diffusers only, relative orientation angle (BETA)
measnred.eitper clockwise or counterclockwise from the average
plan projection of the port centerlines to the nearest diffuser
axis (0 to 90 °). Note that CORMIX2 always assumes a uniform
spacing between risers or between ports, and a round port cross-
sectional shape.

As examples of angle specifications, THETA is 0 degrees for
a horizontal discharge and it is +90 degrees for a vertically
upward discharge, SIGMA is 0 degrees (or 360 °) when the ports
point downstream in the ambient flow direction and it is 90
degrees when the ports point to the left of the ambient flow
direction, GAMMA is 0 degrees (or 180 *) for a parallel diffuser
and it is 90 degrees for a perpendicular diffuser, and BETA is 0
degrees for a staged diffuser and it is 90 degrees for a unidir-
ectional diffuser.

CORMIX2 performs a number of consistency checks to ensure
the user does not make arithmetical errors when preparing and
entering the above data and it also checks the specified geometry
for compliance with three criteria to prevent an inappropriate
system application. Figure 13b shows the imposed limits of
system application for CORMIX2 which are: (a) the port height
(H0) walue must not exceed one-third of the local water depth
(HD) walue, (b) the port diameter value must not exceed one-fifth
of ED's value, and (c) the pycnocline value must .be within the 40
to 90 percent range of HD's value. The restrictions are similar
to those shown in Figure 12b for CORMIX1 with the exception of
the diameter limit for each port.

(2) Riffuser Dischardge Flow- For discharge characteristics,
CORMIX2 tequirng the specification of 3 data entries. These
specifications include: (a) the total discharge flow rate (Q0) or
discharge velocity (U0), (b) the discharge density or discharge
teaperature for an essentially freshwater discharge, and (c) the
diaeh-;g. concentration of the material of interest. The Q0 and
U0 variables are related through the total cross-sectional area
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of all diffuser ports and the program computes and displays the
alternate value allowing for user inspection and verification.

The discharge concentration of the material of interest
(pollutant, tracer, or temperature)

paterial. The user can specify this quantity in any units,
CORMIX2 predictions should be interpreted as computed excess
concentrations in these same units.

F. Discharge Data: CORMIXJ

A definition sketch for the discharge geometry and flow
characteristics for a buoyant surface discharge is provide in
Figure 15. In general, CORMIX3 allows for different types of
inflow structures, ranging from simple rectangular channels to
horizontal round pipes that may be located at or near the water
surface. In addition, three different configurations relative to
the bank are allowed as illustrated in Figure 16. Discharge
structures can be: (a) flush with the bank/shore, (b) protruding
from the bank or (c) co-flowing along the bank.

(1) Discharge Geometry- To allow the establishment of a

reference coordinate system and orient the discharge to that
reference, CORMIX3 requires the specification of 5 data entries.
These specifications are illustrated in Fjigure 15 and include:
(a) location of the nearest bank (i.e. left or right) as seen by
an observer looking downstream in the direction of the flow, (b)
discharge channel width (B0), (c) discharge channel depth (HO),
(d) bottom slope (THETAB) in the receiving water body in the
vicinity of the discharge channel, and (e) horizontal angle of
discharge (SIGMA) measured counterclockwise from the ambient
current direction (x-axis) to the plan projection of the port
centerline. 1In all cases, CORMIX3 assumes the discharge is being
issued horizontally.

In the case of a circular pipe discharge CORMIX3 assumes the
outlet is flowing full and that it is not submerged under the
water surface by more than 1/2 of the outlet diameter. If the
discharge outlet has an odd cross-sectional shape (e.g. a pipe
flowing partially full) then it should be represented
schematically as a rectangular outlet of the same cross-sectional
area and similar channel depth.

For open channel discharges, considerable care should be
exercised when specifying discharge channel depth since this
parameter is directly linked to the ambient receiving water depth
(stage). This is especially important for tidal situations.

To prevent an inappropriate system application, CORMIX3
only allows for a discharge channel depth-to-width aspect ratio
of 0.05 to 2. This prohibits the use of extremely oblong
discharge geometries.
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(2) Discharge Flow~ For discharge characteristics, CORMIX3
requires the specification of 3 data entries. These specifica-
tions include: (a) the total discharge flow rate (Q0) or
discharge velocity (U0), (b) the discharge density or discharge

temperature for an essentially freshwater discharge, and (c) the’

dischargs concentration of the material of interest. The Q0 and
U0 variables are related through the channel cross~sectional
area; the program computes and displays the alternate value
allowing for user inspection and verification.

The discharge concentration of the material of interest
(pollutant, tracer, or tenperature)
{ -]
material. The user can specify this quantity in any units.
CORMIX3 predictions should be interpreted as computed excess
concentrations in these same units.

G.  Mixing Zone Data

For the program element SUMn to tailor the hydrodynamic
simulation results summary to the situation undergoing analysis,
the user must indicate: (a) wvhether EPA's toxic dilution zone
(TDZ) definitions apply, (b) whether an ambient water quality
standard exists, (c) whether a regulatory mixing zone (RMZ)
definition exists, (d) the spatial region of interest (ROI) over
which information is desired, and (e) number of locations (i.e.
"grid intervals") in the ROI to display output details. Depend-
ing on the responses to the above, several additional data en-
tries may be necessary as described in the following paragraphs.

When TDZ definitions apply, the user must also indicate the
criterion maximum concentration (CMC) and criterion continuous
conceantration (CCC) which are intended to protect aquatic life
from acute and chronic effects, respectively. CORMIX will check
for compliance with: (a) the CMC standard at the edge of the TDZ
and (b) the CMC standard at the edge of the RMZ, proving a RMZ
was defined. See Subsection IIIG(2) for additional discussion.

When RMZ definition exists, it can be specified by: (a) a
distance from the discharge location, (b) the cross-sectional
area occupied by the plume, or (c) the width of the effluent
plume.

The ROI, which is a user defined region where mixing condi-
tions are to be analyzed, is specified as the maximum analysis
distance in the direction of mixed effluent flow. The level of
detail for the output data within the ROI and thus, for the
entire hydraulic simulation, is established by specifying the
nunber of grid intervals that will be displayed in the output
files. This parameter's allowable range is 3 to 50 and the
chosen value does not affect the accuracy of the CORMIX predic-
tion, only the amount of output detail. A low value should be
specified for initial calculations to minimize printcut lengths

-4 7=

vhile a large value might be desirable for final predictions to
give enough resolution for plotting of plume dimensions.

H. Units of Measure

CORMIX uses the metric system of measurement. When data
values are provided to the user in English units, these must be
converted to egquivalent metric measures: The following list
gives the five metric dimensions used by CORMIX in the left
column, and on the right, their equivalents in some common
English units.

Length: ln = 3,281 ft
= 39.37 in
= 0.0006214 mile

Velocity: 1 m/s = 3,281 ft/s (fps)
= 2,237 miles/hr (mph)
= 1.943 knots

Discharge: 1 n’/s = 35.31 ft¥/s (cfs)

= 22.82 million-gal/day (mgd)
Density: 1000 kg/x* = 62.43 lb/re?
Temperature: c .= (P - 32.0) * 0.5556

Pollutant concentrations can be entered in any conventional
measure such as mg/L, ppb, bacteria-count, etc.

Considering the potential accuracy of CORMIX predictions, 3
to 4 significant digits are sufficiently accurate for most input
data values as suggested in the above conversion list. The only
exceptions are the ambient and effluent density values. These
may require 5 significant digits, especially when simulating the
discharge to an ambient density-stratified recaiving waterbody.

I. checklists for Input Data Preparation

Tables 2., 3, and 4 summarize the data input requirements of
CORMIX1, 2, and 3, respectively and have been enclosed to aid in
the assembly and preparation of this data. Prior to beginning an
analysis, the appropriate table should be used as a check list to
verify that all necessary data are available.

vV  SYSTEM OUTPUT FEATURES

CORMIX is a highly interactive system and conveys informa-
tion to the user through qualitative descriptions and detailed
quantitative numarical predictions. This output can be viewed on
screen, can be directed to a printer and is stored in
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TABLE 3  INRUT DATA CHECKLIST FOR CORMIA2

CORMIX1 - Submerged single port discharges — CORMIX1

CORMIX2 —~ Submerged multiport diffuser discharges — CORMIX2

SITE/CASE IDENTIRER: Prepared by:
Site Name
Discharger
Pollutant Date prepared:
Design Case
DOS FILE NAME
AMBIENT DATA:
Bounded or unbounded? ______
Channel width . m
Channel depth m
Depth at discharge m .
Ambient flowrate mi/s  or: Ambient velocity mis
Manning’s n or: Darcy-Weisbach f
Density data: Density units: kg/m?
Fresh or salt water? Temperature units: *c
Density or temp. values? ]
if yniform; i sreatified:
Average density/temp. Density/temp. at surface
. Density/temp. at battom
Stratification type
{Pycnocline height m)
{Density/temp. jump )
DISCHARGE DATA:
Nearest bank (lefuright)?
Distance 10 nearest bank m
Vertical angle (THETA| ¢
Horizontal angle {SIGMA) _°
Port height m .
Port diameter m or: Port area m
Discharge flow rate m*/s or: Discharge velocity m/s
Discharge density kg/m® or: Discharge temp.

Concentration units
Discharge concentration

MIXING ZONE DATA:
Is effluent toxic?

l

Is there a WQ standard for
conventional pollutant? ____
Any mixing zone specified?

Region of interest m
Grid intervals for display

If yes: CMC value
CCC value

If yes: value of standard
if yes: distance m
or width {% or m)
of area {% or m?)

|

Alignment angle (GAMMA]
Vertical angle (THETA)

SITE/CASE IDENTIRIER: Prepared by:
Site Name
Discharger
Pollutant Date prepaced:
Design Case
DOS FILE NAME
AMBIENT DATA:
Bounded or unbounded? __
Channel width m
Channel depth _—m
Depth at discharge —m
Ambient flowrate m’/s or: Ambient velocity m/s
Manning’s n or: Darcy-Weisbach f
Density data: Density units: kg/m®
Fresh or sait water? Temperature units: °c
Density or temp. values?
Average density/temp. Density/temp. at surface
Density/ternp. at bottom
Stratification type
{Pycnocline height m)
{Density/temp. jump )
DISCHARGE DATA:
Nearest bank {left/right)? Distance tooneendpoint______m
Diffuser length m to other endpt. m
Total number of opsnings
Port diamater m with contraction ratio
Diffuser arangement/type

Horizontal angle (SIGMA)
Rel. orientation (BETA) ___

Date of data input into CORMIX1:

Grid intervais for display

Port haight T m
Discharge flow rate m?/s  or: Discharge velocity m/s
Discharge density kg/m* or: Discharge temp. *c
Concentration units
Discharge concentration
MIXING ZONE DATA:
is effluent toxic? if yes: CMC value
CCC value
Is there a WQ standard tor
conventional poliutant? if yes: vaiuve of standard
Any mixing zone specified? if yes: distance m
. or width (% or m)
or area (% or m?)
Region of interest m

Date of data input imto CORMIX2:
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CORMIX3 -~ Buoyant surface discharges — CORMIX3

SITEICASE IDENTIFIER: Prepared by:
Site Name
Discharger
Pollutant Date prepared:
Design Case
DOS FILE NAME

AMBIENT DATA:
Bounded or unbounded?
Channel width
Channel depth
Ambient flowrate
Manning’s n

m
m
m?/s  or: Ambient velocity mis

or: Darcy-Weisbach f

i

Density data:

Fresh or sait water?
Density or temp. values?
Average density kg/m® or: Average Temperature c

DESCHARGE DATA:
Discharge located on left/right bank?
Discharge configuration {flush, protruding, or coflowing)

Horizontal angle (SIGMA) * If protruding:
Depth at discharge m Distance from bank m
Bottom slope (THETAB) M
¥f rectangular cross-section: if circutsr cross-section:
Discharge channel width m Outlet pipe diameter
Discharge channel depth m
Discharge flowrate m?/s or: Discharge velocity __. mis
Discharge density kg/m® or: Discharge temp.
Concentration units —
Discharge concentration

MIXING ZONE DATA:

Is effluent toxic? If yes: CMC valse

CCC value
is there 8 WQ standard for
conventional polfutant? If yes: value of standard
Any mixing zone specified? If yes: distance m

or width {% or m)
or area (% or m?)
Region of interest m
Grid intervals for display

Date of data input into CORMIX3:
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subdirectory \CMXn\SIMn\ files. As stated previously, use of
CORMIX's hu_'dcopy echo feature is recommended.

A. oualitative Output: Flow Descriptions

After completion of the input data entry segquences, the
system proceeds through the program elements following the flow
chart displayed in Figqure 8. 1In addition to the routine opera-
tional messages provided during program execution, important
qualitative information is displayed on-screen about the ongoing
analysis of the given ambient/discharge case. The three general
types of descriptive information provided are: (a) descriptive
messages, (b) length scale computation results and (c) flow class
descriptions. The paragraphs within this Subsection aid in the
interpretation of that information.

The program elements PARAMn and CLASSn, in particular,
provide essential information on the expected dynamic behavior of
the discharge. By actively participating in the interactive
process, the novice and intermediate user can derive a
substantial educational benefit and a technical appreciation of
the physical aspects of initial mixing processes. Although
advanced users may find some of the presented material somewhat
repetitive, they should still consult the length scale computa-
tion results.

(1) Descriptive Messages- These messages provide both physical
information and insight into the logic reasoning employed by
CORMIX. Three example descriptive messages are:

"The effluent density (1004.5 kg/m~3) is greater than
the surrounding water density at the discharge level
(997.2 kg/m*~3).

Therefore, the effluent is negatively buoyant and will
tend to sink towards the bottom."

"STRONG BANK INTERACTION will occur for this
perpendicular diffuser type due to its proximity to the
bank (shoreline), The shoreline will act as a symmetry
line for the diffuser flow field.

The diffuser length and total flow variables are
doubled (or approximately doubled, depending on the
vicinity to the shoreline).

All of the following length scales are computed on that
basis."

"The specified two layer ambient density stratification
is dynamically important. The discharge near field flow
will be confined to the lower layer by the ambient
density stratification.

Furthermore, it may be trapped below the ambient
density jump at the pycnocline.”
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The preceding example output highlights several features of
CORMIX's descriptive messages. These include: (a) conveying .
basic information about the involved mixing processes, (b) using
a careful terminology (e.g. "..tend to sink.."), (c) describing
key calculation assumptions, and (d) alerting the user to
sensitive analysis conditions. In some instances, the provided
information may be obvious to the user, while in others it may
not, particularly for situations involving linear ambient
stratification. The use of a careful terminology is necessary
because messages are presented as the analysis proceeds and
subsequent tests may alter, or amplify, initial results. For
example, near-field instabilities, which are tested for late in
the analysis, can prevent an otherwise sinking plume.

(2) Length Scale Computations- The program element PARAMn
computes so-called "length scales" which represent important
dynamic measures about the relative influence of certain hydro-.
dynamic processes on effluent mixing. These calculated values
are subsequently used in program element CLASSn to identify the
generic flow class upon which the hydraulic simulations will be
based. This flov classification is accomplished through formal
dynamic length scale analysis, vhich is a key aspect of the
theoretical underpinnings for the CORMIX approach. The CORMIX
documentation manuals (7,8,9) provide the theoretical background
on length scale definitions and significance, and three journal
references (10,11,12) give summaries of the length scales, their
derivation from principles of dimensional analysis, and their use
in the CORMIX flow classification approach.

Although flow classification is a formal process using
criteria derived from theoretical studies and/or experimental
data, a great deal can be deduced about the flow dynamics by
comparing the calculated length scales to the actual physical
measures of the ambient/discharge situation. Of greatest
importance are comparison to such geometric measures as: the
available water depth (HD), a pycnocline height (HINT) and the
distance to the nearest bank (DISTB). The following discussion
provides a brief explanation of the more important length scales
and examples on how to make appropriate comparisons in a given
application. Users are encouraged to make these comparisons.

a) Some important length scales relating to submerged round
buoyant jets (CORMIX1) are described in Table 5. All of these
scales are defined from an interplay of the momentum and buoyancy
flux quantities of the discharge with each other or with the
current velocity and stratification gradient variables.

As an example, consider a vertically discharging buoyant jet
into an unstratified ambient receiving water. Wwhen both calcu-
lated L, and L, values are substantially less than the local
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IABLE 5 LENGTH SCALES USED IN CORMIX] AND 2

definition: Ly = H}E / JU%

interpretation: For combined buoyant jet flow, the
distance at which the transition from jet to plume
behavior takes place in a stagnant uniform ambient.

W
definition: L, = M!? / u,

interpretation: In the presence of a crossflow, the
distance of the transverse (i.e. across ambient flow)
jet penetration beyond which the jet is strongly
deflected (advected) by the cross flow. For a strictly
co-flowing discharge (©=0,0=0), the length of the
region beyond which the flow is simply advected.

definition: L, = J, / u}

interpretation: The vertically upward or downward
flotation distance beyond which a plume becomes
strongly advected by crossflow.

Jet/stratification length scale (L.')

definition: L. ' = M / e ‘
interpretation: 1In a stagnant linearly stratified
ambient, the distance at which a jet becomes strongly
affected by the stratification, leading to terminal
layer formation with horizontally spreading flows.

ni L

definition: L, = J™ / ¥

interpretation: 1In a stagnant linearly stratified
ambient, the distance at which a plume becomes strongly
affected by the stratification, leading to terminal
layer formation with horizontally spreading flows.

Notes: U,Q,, kinematic momentum flux
g',Q,, kinematic buoyancy flux
U,a,, source discharge volume flux
port area

ambient velocity

port discharge velocity

ambient buoyancy gradient

discharge buoyancy = g(p,~P.) /P,

&
'
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water depth (HD), this is an immediate indication to the user

that the crossflow is very strong, leading to complete bhending of
the buoyant jet. If the reverse holds true, the crossflow may be
80 weak that its deflecting effect is negligible, and the buoyant

jet will strongly interact (impinge) with the water surface. 1In
the first instance, a situation as depicted in Fiqures 1b com-
bined with Figure la will result, while in the second instance, a
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flow resembling Figures 2¢ or 2d may arise, dependihg on the
relation of the two scales with each other.

As another example, consider a buoyant jet discharging into
a linearly stratified ambient. If both L,' and L,' are both
larger than the pycnocline height (HINT) and even the water depth
(HA), this would be an indication that the existing stratifi-
cation is so weak that it will not lead to any trapping of the
effluent plume within the available vertical space.

By making such comparisons, users will gradually get a good
feel for the behavior of the buoyant jet, and other mixing
processes within the space constraints of the ambient
enviromment. Those interested in design can quickly gain an
appreciation of the length scale measures and their sensitivity
to design choices., However, there are linitations to these
simplistic comparlsons because the "len

S
processes. As their name implies they should be taken only as
"scale" estimates. The actual CORMIX classification scheme, uses
formal criteria when comparing the length scale measures with the
geometric constraints or each other.

b) Some important length scales for multiport diffusers
(CORMIX2) are described in Table 6. To a large extent, these
scales have a similar meaning for the behavior of the plane
buoyant jet as the earlier ones discussed for the round buoyant
jet (Table S). However, they are calculated differently because
the CORMIX2 system uses the “equivalent slot diffuser” concept to
model the overall dynamics of the submerged multiport diffuser
(Subsection IIIB). Except for the immediate close-up zone before
the individual jets merge (Figure 1d) this concept is a dynam-
ically valid and accurate representation of multiport diffuser
flows (8).

There are some exceptions and additional complexities to
interpreting the two-dimensional slot length scales measures
described in Table 6. In addition to the predominately two-
dimensional flow behavior, some of the large scale dynamics of
multiport diffusers may also be influenced by other scales
depending on the overall diffuser flow pattern. A notable
exanple is circulating motions induced in shallow receiving
waters due to intermediate-field effects (

The immediate close-up zone before the individual jets merge is
also not addressed by the two-dimensional length scales.
Additional discussion of these and other peculiarities can be
found elsewhere (7,14).

€) Some important length scales that describe the near-field
dynamics of buoyant surface jets dxschargxng into unstratified
receiving waters (CORMIX3) are listed in Table 7. These scales
are defined in a similar manner to the submerged discharged cases

IABLE €
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definition: =mn /3

interpretation. For comhined buoyant jet flow, the
distance at which the transition from jet to plume
behavior takes place in a stagnant uniform ambient.

definition: ¢, =m, / uﬁ

interpretation: In the presence of a crossflow, the
distance of the transverse (i.e. across ambient flow)
jet penetration beyond which the jet is strongly
deflected (advected) by the cross flow. For a strictly
co-flowing discharge (8=0,0=0), the length of the
region beyond which the flow is simply advected.

tio !
definition: ¢£_.' = m'? ; e'?
interpretation: In a stagnant linearly stratified
ambient, the distance at which a jet becomes strongly
affected by the stratification, leading to terminal
layer formation with horizontally spreading flows.

1]
definition: ¢,' = 38 ;7 '3
interpretation: In a stagnant linearly stratified
ambient, the distance at which a plume becomes strongly
affected by the stratification, leading to terminal
layer formation with horizontally spreading flows.

definition: ¢, = y, / e

interpretation: The vertically upward or downward
floatation distance beyond which a plume becomes
strongly advected by crossflow.

Notes: m, = U,q,, kinematic momentum flux per 1lt.
jo = 9'4,, kinematic buoyancy flux per 1lt.
q, = Una, /Ly, source discharge volume flux
a, = port area
uy, = ambient velocity
U, = port discharge velocity
¢ = ambient buoyancy gradient
‘s = discharge buoyancy = g(p,~p.)/P.

n = total number of nozzles
Ly = overall diffuser length

DYNAMIC LENGTH SCALES FOR MULTIPORT DIF USER IN THE
—TWO-DIMENSIONAL "SLOT* DISCHARGE REPRESENTATION
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TABLE 7 DYNAMIC LENGTH SCALES FOR BUOYANT SURFACE JETS
DISCHARGING INTO UNSTRATIFIED RECEIVING WATER

definition: Ly = H,h / JH

interpretation: For staéhant ambient conditions, the
extent of the initial jet region before mixing changes
over into an unsteady surface spreading motion.

25&[;:955‘;9\! Lgnggq Eg;].g !L.[
definition: L, = MY / u,

interpretation: The distance over which a discharging
jet intrudes into the ambient cross-flow before it gets
strongly deflected.

n
definition: I, =J, / v}
interpretation: A measure of the tendency for upstream
intrusion for a strongly buoyant discharge.

Notes: M, = U,Q,, kinematic momentum flux
J, = g'U,, kinematic buoyancy flux
Q, = Ua,, source discharge volume flux
a, = port area
u, = ambient velocity
U, = port discharge velocity
g', = discharge buoyancy = g(p.~p.) /P,

but due to the discharge location at the surface, they have
different interpretations. For example, 1L, is compared to the
channel width (BS) instead of the local water depth-as it was in
submerged case examples; if it exceeds BS, the discharge will
quickly interact with the opposing bank.

(3) -Description of Flow Classes~ Program element CLASSh,
performs a rigorous classification of the given discharge/ambjent
situation into one of many generic flow classes with distinct
hydrodynamic features. In a way, this amounts to identifying a
general pictorial description of the expected flow configuration.

Table 8 lists and describes the broad categories of flow
classes available in CORMIX. CORMIX1, 2 and 3, consider 35, 31
and 11 distinct flow classifications, respectively. Each flow
class identification consists of an alphanumerjic label corres-
ponding to the flow category and a number (e.g. MU2). Text
descriptions of the flow classes are available on-screen during
the analysis and can printed from the files stored within sub-
directory \CMXn\DESCn (Table 1). Pictorial illustrations of the
flow classes can be found in JAppendix A. As an example,
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shows the pictorial illustration and text description
for flow class S1, a case of an effluent that becomes trapped in
ambient stratification. It is strongly recommended that novice
or intermediate users scrutinize these materials to gain a
qualitative understanding of the effluent flow's behavior.

IABLE 8 [FLOW CLASS CATEGORIES AND DESCRIPTIONS

W

Classes S: Flows trapped in a layer within linear
stratification.

Classes V,H: Positively buoyant flows in a uniform
density layer.

Classes NV,NH: Negatively buoyant flows in uniform
density layer.

Classes A: Flows affected by dynamic bottom
attachment.
W

Classes MS: Flows trapped in a layer within linear
ambient stratification.

Classes MU: Positively buoyant flows in a uniform

density layer.
Classes MNU: Negatively buoyant flows in uniform
density layer.

W

Classes FJ: Free jet flows without near-field
shoreline interaction.

Classes SA: Shoreline-attached discharges in
crossflow.

Classes WJ: Wall jets/plumes from discharges
parallel to shoreline. :

Classes PL: Upstream intruding plumes.

B. v H i W

After execution of the detailed flow prediction in program
element HYDROn, the system provides two types of detailed
numerical output on effluent plume trajectory and mixing and on
compliance with regulations. A concise summary is available on-
screen in the final system element SUMn and a detailed numerical
output file is also generated for inspecting and plotting the
plume's behavior after the analysis.

(1) Sumpary Output in SUMn- The self-explanatory summary output
which can be displayed on-screen includes: (a) the date and time
of the analysis section, (b) a complete echo of the input data,
(c) the calculated flux, length scale and non-dimensional




FLOW CLASS S1

This flow configuration is profoundly affected by the linear
sasbient density stratification. The predominantly jet-liks flow
gets trapped at some terminal (equilibrium) level. The trapping is
also affected by the reasonably strong ambient crossflow.
Following the trapping zone, the discharge flow forms an internal
layer that is further influenced by buoyant spreading and passive
diffusion.

The following flow zones exist:

1) Weakly deflected jet in crossflow: The flow is inictially
dominated by the effluent momentum (jet-like) and is weakly
deflected by the ambient current.

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

3) Terminal layer approach: The bent-over submerged jet/plume
approaches the terminal level. Within a short distance the
concentration distribution becomes relatively uniform across the
plure widcth and thickness.

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

4) Buoyant spreading in internal layer: The discharge flow within

the internal layer spreads laterally vhile it is being advected by
the ambient current. The plume thickness may decrease during this

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

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

*+%  Predictions will be terminated in zone 4 or 5 depending on

the definitions of the LEGAL MIXING ZONE or the REGION OF
INTEREST. *a&

FIGURE 17 EXAMPLE OF A FIOW CLASS DESCRIPTION
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parameter values, (d) the flow classification used for predicting
plume trajectory and mixing, (e) the coordinate system used in
the analysis, (f) a summary of the near-field hydraulic mixing
zone (HMZ) conditions, (g) the far-field locations where the
plume becomes essentially fully mixed (i.e. uniform concen-
tration) in the horizontal and vertical directions, (h) a summary
of the toxic dilution zone (TDZ) conditions, and (i) a summary of
the regulatory mixing zone (RMZ) conditions. Although the raw
data used to construct this summary ocutput is permanently stored
in file *'fn'.cXs within the output sub-directory \CMXn\SIMn, a
hard-copy printout should be requested during the analysis
session because the rawv data file is unformatted and does not
contain the explanatory text that is available during progranm
execution; 'fn' is the filename specified by the user during
input data entry.

The coordinate system conventioms pertain to the origin
location and axis direction. In CORMIX1 analyses, the origin is
located at the bottom of the receiving water just below the
discharge port center and thus, at a depth HD below the water
surface. In CORMIX2 analyses, the origin is located at the bot~-
tom of the receiving water, at the midpoint of the diffuser line
and thus, at a depth HD below the water surface. In CORMIX3
analyses, the origin is located at the water surface where the
discharge channel centerline and receiving water shoreline inter-
sect. The x-axis lies in the horizontal plane and points down-
stream in the direction following the ambient flow; the y-axis
lies in the horizontal plane and points to the left as seen by an
observer looking downstream along the x-axis; and the z-axis
points vertically upward. Note that when the ambient current
direction varies (e.g. due to reversing tidal flows), the inter-
pretation of simulation results becomes more involved since the
x-axis and the y-axis will change depending on flow direction.

In addition to the numerical predictions of the plume size,
location and chemical concentration, the summary of the near-
field hydraulic mixing zone (HMZ) conditions describes other
relevant plume features such as bottom attachment, bank
interaction and the degree of upstream intrusion. This
information is useful for both engineering design and for
determining whether important resource areas may be exposed to
undesirable chemical concentrations.

In case of a discharge containing potentially toxic
chemicals, the summary toxic dilution zone (TDZ) conditions will
indicate the location along the plume where the local
concentration begins to fall below the specified (MC. This
location's distance from the discharge structure is compared to
the three applicable U.S. EPA criteria (see Subsection IIB(3))
and the results of these comparisons are displayed.

When regulatory mixing zone (RMZ) criteria have been
specified during input data entry, the geometric, dilution and
concentration conditions at the edge of the specified or
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proposed RMZ are compared to these criteria and/or to the
applicable CCC concentration following the practices discussed in

. The results of these comparisons are
displayed.

{2) Retailed Prediction Output File 'fn'.CX0- The file 'fn'.CX0
stored within sub-directory \CMXn\SIMn contains the same kinds of
information available in the summary output plus the detailed
numerical predictions on plume geometry and mixing produced
during the hydraulic simulation. Data in that file form the
basis for further analysis, inspection, evaluation, and plotting
of the plume shape and trajectory. Presently, plotting must be
done separately by the user using either another applications
program or manually.

During program execution, the user has several opportunities
to display on-screen or print out this file. It can also be
printed at a later date by using the DOS PRINT command. CORMIX
will not erase any of the files with .CX0 (or .CXS) extension
that get stored in the \CMXn\SIMn sub-directory. Consequently,
periodic directory maintenance is recosmended to remove old and
superfluous files.

The *'fn'.CX0 file is a FORTRAN output file generated by the
HYDRONn prediction program. As is typical of many PORTRAN
outputs, its display features are terse with tight format control
and data items labeled in symbolic form only (e.g. "QO* for
discharge flow rate). Complete output file examples can be
inspected in Appendiges B, C and D.

All three CORMIXn subsystems produce a 'fn'.CX0 output file
with common appearance and features as described in the following
paragraphs.

a) Lead-in information: The output starts (and ends) with a
”111...111", ¥222...222", or ™333...333" banner line to
accentuate which subsystem has been used. The date and time of
the analysis session and all important input data are the next
items in the file. These are subsegquently followed by the
calculated length scale values, non~-dimensional numbers of
interest to the specialist, the flow class identification, and
the coordinate system is displayed.

b) Prediction results for each flow “module': As vas
mentioned previocusly in , the CORMIX prediction
methodology utilizes of a number of simulation modules that are
executed sequentially and that correspond to the different flow
processes and associated spatial regions which occur within a
given flow class. The 'fn".CXO output reflects that sequence and
is a arranged in output blocks for each module.
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Each simulation module has a "MODnxx" label where "n®* is 1,
2, or 3 corresponding to CORMIXn, and *xx" is a two-~digit
identification number. The two general types of nodules are
continuous flow and control volume.

The continuous flow module type describes the continuous
evolution of a flow region along a trajectory. Depending on the
number of grid intervals specified by the user, information on
plume geometry, flow, and mixing information along the plume
trajectory may be available for a few or many waterbody
locations.

provides exanmples of typical output from
continuous flow modules. The annotations along the rxght margin
illustrate: important features of the output format.
was taken from a CORMIX1 simulation output file and shows an
example of a submerged jet region module. The output contains
labeling information on the module, and explanatory notes on
profile definitions. It alsoc gives a numerical list on the
predictions, first repeating the final values from the preceding
flow module and then one line for each user-specified grid
interval. This information gives the x-y-z position of the
jet/plume centerline, the dilution (S) and concentration (C) at
the centerline, and the jet width (B). Dilution is defined as
the inverse of the fractional reduction in concentration between
the discharge structure and a given location.

Another example of a continuous flow module output is shown
in Figure 18b. It was abstracted from a CORMIX2 simulation
output file and shows predictions for the far-field process of
buoyant ambient spreading (Figure 6). Although it is terse, the
output file values and commentary generally provide a complete
picture of flow conditions. In this example output (Figure 18b),
evidence of this completeness includes: (a) the prediction output
is separated in two stages corresponding to before and after bank
interaction, respectively; due to the typical oblong cross-
section of the plume in this stage, width dimensions for the
vertical and lateral extent are given and defined; the
coordinates for the upper and lower boundaries of the plume are
listed as a convenience for plotting; and the system searches for
criteria that apply to mixing zone regulations and when a
criterion is satisfied, a remark gets inserted in the output list
at the appropriate spatial position.

Some mixing flow processes are so complicated that no
mechanistically-based mathematical description of them is
presently available in state-of-the~-art science. Those processes
are most reliably analyzed with control volume modules. In this
modeling approach, the outflow values for a region are computed
as a function of the inflow values and are based on conservation
principles.

Two output examples for control volumes modules are
illustrated in Figure 19. The first example (Ficure 19a) was
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Buoyant Jet Discharge (CORMIX1)
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(b) Prediction Module within Far-Field of a Multiport

Diffuser Discharge (CORMIX2)

FIGURE 18 EXAMPLES OF CONTINUOUS FLOW MODULE
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From a Buoyant Surface Discharge (CORMIX3)
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taken from a CORMIX1 simulation output file and gives predic-
tions for a flow case corresponding to an unstable near-field

( ). Note that a separate listing of inflow variables
and outflow variables is given with appropriate explanations.
The second example (Fiqure 19b) from a CORMIX3 simulation output
file, shows the predictions for the initial stage of an upstream
intruding plume, important plume dimensions, and inflow and
outflow values.

c) Numerous other supplementary messages on plume behavior
(e.g. bottom attachment, bank contact, etc.) and on possible
model restrictions (e.g. ambient dilution limitations in a flow-
restricted river) are contained in the output as warranted;

provide but a few examples of these user aids.

(3) Comments on Plotting of Plume Peatures- The case study
materials in the Appendices should be consulted for sone
possibilities on how to graphically display the plume features
described in the 'fn’'.CXO output file. As shown above, the plume
is characterized by its centerline trajectory, dilution, and
width values. If added detail in the plume cross-section is
desired, then the plotting aids shown in Figure 20 may be useful.
These give the cross-sectional distribution of concentration for
many of the commonly occurring plume cross-sections in the
various regions predicted by the CORMIXn subsystems.

By and large, all CORMIXn predictions are continuous from
module to module satisfying the conservation of mass, momentum
and energy principles. Occasionally, some mismatches in plume
width can occur as a consequence of enforcing these principles.
Most of these Wwill be barely noticeable with the usual plotting
resolution and they can usually be safely ignored. In addition,
when bottom attachment or bank interaction occurs, the plume
trajectory is assumed to (and simulation predictions do) shift
suddenly to the boundary. In actuality, that shift would be much
more gradual and this should be considered when plotting plume
features.

VI  CLOSURE

A. Synopsis

The Cornell Mixing Zone Expert System (CORMIX) is a series
of software subsystems for the analysis, prediction, and design
of agueous pollutant discharges into diverse water bodies. The
major emphasis is on the geometry and dilution characteristics
of the initial mixing zone including compliance with requlatory
constraints. The system also predicts the behavior of the
discharge plume at larger distances. The highly user-interactive
CORMIX system is implemented on IBM-PC compatible microcomputers
and consists of three subsystems. These are: CORMIX1 for
submerged single port discharges, CORMIX2 for submerged

[ ® [
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multiport diffuser discharges and CORMIX3 for buoyant surfac
discharges. s

This user's guide gives a comprehensive and uniform
description of all three CORMIX subsystems; it provides advice
for assembly and preparation of required input data; it
delineates ranges of applicability of the three subsystems; it
provides instruction for the interpretation and graphical display
of system output; and it illustrates practical system application
through several case studies.

B. System and Documentation Availability

The CORMIX system programs can be obtained from the U.S. EPA
Center for Environmental Assessment Modeling (CEAM), USEPA-ERL,
Athens, Georgia 30613-7799, Telephone (404)546-3590, Presently
(August 1991), the following versions of CORMIX are available:
CORNIX1l, Version 1.30 (August 1991); CORMIX2, Version 1.20
(August 1991); and CORMIX3, Version 1.10 (August 1991). The
models can be obtained by mail or over the electronic bulletin
board operated by CEAM. Information on program installation and
computer configuration are also provided by CEAM.

The distribution versions of CORMIXn contain only the
executable code of the FORTRAN program HYDROn; they do not
include the source code. The source code can be requested
separately by writing to CEAM at U.S. EPA-ERL and giving the
reason for code inspection and possible manipulation. The full
code, while made up of simple individual modules, is complex with
multiple interdependencies; only experienced research personnel
should attempt this work when engaged in comparison of model
predictions to new field or laboratory data.

The documentation manual are available as U.S. EPA and NTIS
publications, and have also been issued as technical reports of
the DeFrees Hydraulics Laboratory.

C. Future Developments and Enhancements

Data entry features: Current CORMIX experience and user re-
sponse has shown that vhile the system is well adapted to the
novice and intermediate user its use becomes cumbersome for the
more advanced user. This problem lies primarily in the present
data entry interface. A simple spreadsheet~like data entry might
be preferable. However, this would be dangerous since the change
of one variable can effect the consistency of the entire data set
and require changes in several other variables. A FAST-CORMIX
system version is under development that uses fast
spreadsheet-like data entry while preserving the safety and
screening features of the knowledge base logic of the expert
system.

Graphical output display: A graphical output interface for
CORMIX is a complicated task due to the diverse possibilities of
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plume shapes and mixing zone paﬁterns that can exist. Present
development plans will evaluate trade-offs for plotting of at
least the more common discharge/ambient situations.

Hydrodypamic model features: (1) CORMIX, as all initial
mixing models, is a steady-stats model. In many situations of
tidal reversing flows it is uncertain to apply such models for
the low-speed slack tide conditions that are the most
conservative on one hand, but highly transient on the othar (for
a discussion, see Jirka, 1991). Research is underway to define
the appropriate design base for such highly transient conditions.
(2) The predictive elaments of the CORMIXn subsystems represent
a great number of often complex hydrodynamic mixing processes.
Many of the sub-models have been extensively tested and are well
verified. For others, the data base is either poor, missing, or
conflicting. Additional investigations are underway to improve
and/or support these elements of CORMIX in the following problem
areas: upstream and lateral spreading phases after the plume
impingement process; merging of individual plumes of multiport
diffuser to form a line plume; transition between stratified flow
(buoyant spreading) and passive diffusion im the far-field; and
pollutant decay processes (CORMIX currently assumes a
conservative pollutant).

Future updated versions of CORMIXn, expected over the
1992/93 time frame will include these additional features. Any
high-quality field or laboratory data on effluent mixing
processes is a valuable asset in this development. Transmittal
of such data to the DeFrees Hydraulics Laboratory, ¢/o Prof. G.H.
Jirka, Cornell University, Ithaca, New York 14853, is greatly
appreciated.

VII  GLOSSARY

W, - the actual water depth at the submerged
discharge location. It is also called local water depth. For
surface discharges it is the water depth at the channel entry
location.

- the angle measured counterclockwise
from the ambient current direction to the diffuser axis.

Allocated Impact Zone - see mixing zone.

- a multi-port diffuser where the ports do
not point in a nearly single horizontal direction.

i iti - the geometric and dynamic characteristics of
a receiving water body that impact mixing zone processes. These
include plan shape, vertical cross sections, bathymetry, ambient
velocity, and density distribution.




Ambient Currents -a velocity field within the recelving water
which tends to deflect a buoyant jet into the current direction.

- - the volumetric flow rate of the
receiving waterbody.

Average Diameter (D0) - the average diameter of the discharge
ports or nozzles for a multi-port diffuser.

Average Depth (HA) - the average depth of the receiving waterbody
determined from the equivalent cross sectional area during
schemation.

Bottom Slope (THETAB) ~ the slope of the bottom that extends from
a2 surface discharge into the receiving waterbody.

Buovant Jet - a discharge where turbulent mixing is caused by a
combination of initial momentum flux and buoyancy flux. It is
also called a forced plume.

c es - far-field mixing processes which
arise due to the buoyant forces caused by the density difference
between the mixed flow and the ambient receiving water.

Buoyant surface Discharge - the release of a positively or
neutrally buoyant effluent into a receiving water through a
canal, channel, or near-surface pipe.

~ a dynamic interaction between the effluent
plume and the water bottom that results from the entrainment
demand of the effluent jet itself and is due to low pressure
effects.

- refers to the volumetric flow rate
which occurs between the shore line and a submerged discharge
into a coastal wvaterbody.

DRarcy-Weisbach Friction Factor - a measure of the roughness

characteristics in a channel.

Deep cConditions - see near-field stability.

Density Stratification - the presence of a vertical density
profile within the receiving water.

DRiffuser Length (LD) - The distance between the first and last
port of a multi-port diffuser line. See diffuser line.

Diffuser Line - a hypothetical line between the first and last
ports of a multi~-port diffuser.

n;sgnn:sg_!glgglsx_ingl ~ the average velocity of the effluent
being discharged from the outfall structure.

Discharge from Shore (DISTB) - the average distance between the
outfall location and the shoreline. It is also specified as a
cumulative ambient discharge divided by the product UA times HA.

W - the volumetric flow rate from the
discharge structure.

wi ~ the average width of a surface
discharging channel. -

i - the average depth of a surface
discharging channel.

io -~ the geometric and flux characteristics of
an outfall installation that effect mixing processes. These
include port area, elevation above the bottom and orientation,
effluent discharge flow rate, momentum flux, and buoyancy flux.

Ristance from Shore (YB1l. YB2) - the distance from the shore line
to the first and last ports of a multi-port diffuser.

Far-field ~ the region of the receiving water where buoyant
spreading motions and passive diffusion control the trajectory
and dilution of the effluent discharge plume.

Far-field Processes - physical mixing mechanisms that are
dominated by the ambient receiving water conditions particularly
ambient current velocity and density differences between the
mixed flow and the ambient receiving water.

Flow Classification - the process of identifying the most
appropriate generic qualitative description of the discharge flow
undergoing analysis. This is accomplished by examining known
relationships between flow patterns and certain calculated
physical parameters.

Flux Characteristics -~ the properties of effluent discharge flow
rate, momentum flux and buoyancy flux for the effluent discharge.

Forced Plume - see buoyant jet.

w - a qualitative description of a discharge
flow situation that is based on known relationships between flow
patterns and certain physical parameters.

- the average distance between the bottom &nd
the average nozzle centerline.

ta - the angle measured counterclockwise
from the ambient current direction to the plane projection of the
port center line.
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Hydrodvnamic Mixing Processes - the physical proce:ses that
determine the fate and distribution of effluent once it is
discharged.

- the zone of strong initial
mixing where the so called near-field processes occur. It is the
region of the receiving water where outfall design conditions are
most likely to have an impact on in-stream concentrations.

- a group of questions from one of four
topical areas.

= - induced flows in shallow waters
which extend beyond the strictly near-field region of a multi-
port defuser.

Jet ~ see pure jet.

Laterally Bounded - refers to a waterbody which is constrained on
both sides by banks such as rivers, streams, estuaries and other
narrow water courses.

- a waterbody which for practical purposes is
constrained on at most one side. This would include discharges
into wide lakes, wide estuaries and coastal areas.

Llegal Mixing Zone (IMZ) - see regulatory mixing zone.

Length Scale - a dynamic measure of the relative influence of
certain hydrodynamic processes on effluent mixing.

- an approach which uses calculated
measures of the relative influence of certain hydrodynamic
processes to identify key aspects of a discharge flow so that a
generic flow class can be identified.

wat ~ see actual water depth.

' ~ a measure of the roughness characteristics in a
channel.

Ve = the average velocity of the
receiving waterbody's cross flow.

Meraing - the physical interaction of the discharge plumes from
adjacent ports of a multi-port diffuser.

Mixing Zone - an administrative construct which defines a limited
area or volume of the receiving water where the initial dilution
of a discharge is allowed to occur.

a - The administrative construct that
intends to prevent any harmful impact of a discharged effluent on
the aquatic environment and its designated uses.
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Momentum Jet - see pure jet.

i~ - a structure with many clbsely spaced ports
or nozzles that inject more than one buoyant jet into the ambient
receiving waterbody.

Near-field -~ the region of a receiving water where the initial
jet characteristic of momentum flux, buoyancy flux and outfall
geometry influence the jet trajectory and mixing of an effluent
discharge.

Near-field Stability - the amount of local recirculation and
reintrainment of already mixed water back into the buoyant jet
region. Stable discharge conditions are associated with weak
momentum and deep water and are also sometimes called deep water
conditions. Unstable discharge conditions have localized
recirculation patterns and are also called shallow water
conditions.

Negative Buovancy - the measure of the tendency of an effluent
discharge to sink in a receiving water.

Non-buovant Jet -~ see pure jet.

- data input which does not require precise placement
of numerical values in fixed fields and which allows character
strings to be entered in either upper or lower case letters.

Passive Ambient Diffusion Processes - far-field mixing processes
which arise due to existing turbulence in the ambient receiving
water flow.

Plume - see buoyant jet.

\'{ - the measure of the tendency of an effluent
discharge to rise in the receiving water.

Pure Jet - a discharge where only the initial momentum flux in
the form of a high velocity injection causes turbulent mixing.
It is also called momentum jet or non-buoyant jet.

Pure Plume - a discharge where only the initial buoyancy flux
leads to local vertical accelerations which then lead to
turbulent mixing.

c ~ a horizontal layer in the receiving water where a
rapid density change occurs.

Pvcnocline Height (HINT) - the average distance between the
bottom and a horizontal layer in the receiving waterbody where a
rapid density change occurs.

Reg,on Of Interest (ROI) - a user defined region of the receiving
waterbody where mixing conditions are to be analyzed.
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- the region of the receiving water
where mixing zone regulations are applied. It is sometimes
referred to as the legal mixing zone.

iv i - the angle measured either
clockwise or counterclockwise from the average plan projection of
the port centerline to the nearest diffuser axis.

- the process of describing a receiving
waterbody's actual geometry with a rectangular cross section.

Shallow Water cConditions - see near-field stability.

Stable Discharge - see near-field stability.

Staged Diffuser - a multi-port diffuser where all ports point in
one direction, generally following the diffuser line.

c iti - the absence of ambient receiving water
flow. A condition which rarely occurs in actual receiving
waterbodies.

ubme i-port Diffuser - an effluent discharge structure
with more than one efflux opening that is located substantially
below the receiving water surface.

Submexged Single Port Discharge - an effluent discharge structure
with a sxngle efflux opening that is located substantially below
the receiving water surface.

- positively or neutrally buoyant effluent
discharges occurring hor;zontally at the water surface from a
latterly entering channel or pipe.

Wi - the equivalent average surface width of the
receiving waterbody determined from the equivalent rectangular
cross sectional area during schemation.

utjo - the region of the receiving water
where the concentration of a toxic chemical may exceed the acute
effects concentration.

- a multi-port diffuser with all ports
pointing to one side of the diffuser line and all ports oriented
more or less normally to the diffuser line.

n e ch e - see near-field stability.

Vertical Angle (THETA) - the angle between the port centerline
and the horizontal plane.

Wake Attachment - a dynamic interaction of the effluent plume
with the water bottom that is forced by the receiving water
crossflow.
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Zone of Initia) Pllution (ZID) - a term used in old EPA documents
to describe the mixing zone for the discharge of municipal waste
water into the coastal ocean and some large lakes; its use can
cause confusion and should be avoided in the future.
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FLOW CLASSIFICATION LOGIC DIAGRAMS AND PICTORIAL ILLUSTRATIONS
W

‘Page
CORMIX1 MATERIALS A2
CORMIX2 MATERIALS N A6
CORMIX3 MATERIALS As




TEST FOR PLUME TRAPPING
IN A LINEARLY STRATIFIED . :
LAYER (HEIGHT H,) o
Jal -like
>
>\
Siratification
Cross-How Dominated »1\Stratification
Dominated Dominaled
. Neor-
43° _ 4snMHorizontal
L~ L~ Ty~ L~ 2y~ Terminal helgh
¥ Ll . L] z
oy L wid || 4 '
G GO GE) G0 37} '
AMBIENT STRATIFICATION i e
>y >, >, 2, > UNIMPORTANT ’ ?
e Approximate Amblenl Density
with Verlical Meon Value .
<| <i < <l <i 1
NEGATIVELY BUOYANT JET 3
0. <0, o, o, Zyeh, “0.! {or Downward Orlented Jt) .
BEHAVIOR DOMINATES 3
>0 >0 >0 >0 >0
: LY s2 s3 s4 s3 FLOW CLASSES
; . FOR
1 F > w w - .W AMBIENT STRATIFICATION
E f .
FIGURE _A-1 CORMIX1'S SUB CLASSIFICATION: ASSESSMENT OF AMBIENT DENSITY STRATIFICATION . Y
AND DIFFERENT FLOW CLASSES FOR
1
90's 8, <45" V:rllc:al 8,545 FLOW CLASSIFICATION g
i
(Neor) Vartical 3° (Neor) Hortzontal BUOYANT SUBMERGED
vt K" OISCHARGES IN
UNIFORM DENSITY LAYER
Daep <1/ ta \ > Shollow < f1a \2 :
Layer =2 Loyer Deep — =2 Sholl l
with H, with Loyer He Mo i
Weok () Slrong (1)
Momentum Momaenium
<if Ly \ > <if Ly \ > <if by \ >
H, Weakly Hy Sirongly H,
T Buoyont 3] | Buoyon) 7]
Weokly Strongly Weokly ' Slrongly
Buoyon) Buoyont Buoyon!] Buoyanl ° |
of L1 )2 .
H, 8
<4 !
Buoyancy Momenium Momenium Momentum
Aarrinal Dominal Dominates Dominotes
Buoyancy Buoyancy
Oomjnales Dominates
vi v2 v3 v4 vs vé Hi H2 H3
2127 =| == 22T
[ ]
FIGURE_A-2 CORMIX1'S SUB CLASSIFICATION: BEHAVIOR OF POSITIVELY BUOYANT DISCHARGES IN
)




NEGATIVELY BUOYANT JET
{OR DOWNWARD ORIENTED JET) ®:
IN UNIFORM DENSITY LAYER (HEIGHT Hg)
Neor - Verticol v:'"“" Neor - Horlranlol
ngle
45° < §, <90° ') +45°> 0, > -4s8*
[]
Momaentum
» !
+ @
FIGURE A~2 CORMIX1'S SUB CLASSIPICATION: BENAVIOR OF NEGATIVELY BUOYANT DISCHARGES IN Y
4
l
CLASSIFICATION BOTTOM ATTACHMENT
®
S1, S4, Vi, V2
Hi, H2, NVI H2, NHI, NH2
NHI, NH3, NH4 S3, Hi, H3 He NH4
ton 8, <02~
1
Yes
COANDA AT TACHMENT
With Lin-on No Lih-0ft
(.JA3
Yes le - N
Lin-ot TR Lot wa™ . , ®
Side s> PR NN v
A Waoll jet {wilh buoyoncy) Wall jat (non-buoyani)
-
o
<i €2 >1
Oeep, Shellow
Reclrculalion Reclrculation T.OA3 1.7A4
_.e_.
- E: —“—-—; : L g
Momentum Buoyoncy PY
Dominales Daminnles
FIGURE A-4 CORMIX1'S SUB CLASSIFICATION: DYNAMIC BOTTOM ATTACHMENT OF DISCHARGE DUE TO
A)

—“ |




TEST FOR PLUME TRAPPING
IN A LINEARLY STRATIFIED
LAYER {HEIGHT H)

Jel-Like

<1

Cross-tiow,

Stralilication
Dominated/ <!

Dominaled

Parpendicular f > 45°
Horlrontat
e R . . ny' 0§
2ol U | [20~0m tw 2yt 24~y z,~'. " z,.-'J.m Terminal height 2, L
a
31 Cn2 Cry Cye Crs Cre . v
AMBIENT STRATIFICATION
2L 4 48 2. n 4 UNIMPORTANT
Approzimale Amblenl Density
< ' pr < a pr, wilh_Verlical Meon Volue
<0 <Q <0 <0 <0 <Q L NEGATIVELY BUOYANT
JET BEHAVIOR DOMINATES
>0 >0 >0 >0 >0 >0
MSi MS2 MS3 MS4 MSS
P2 | P | W
0 x - - - -
L) | biaed— -4 N ge——
FIGURE A-5 CORMIX2'S SUB CLASSIFICATION: ASSESSMENT OF AMBIENT DENSITY STRATIFICATION -
AND DIFFERENT FLOW CLASSES FOR
DR SCHARGES SSES MS
POSITIVELY BUOYANT .
MULTIPORY OIFFUSER OISCHARGE
N UNIFORM LAYER {HEIGHT H,)
< /Qulhcol'ﬂz tu-Caohe >
Deep Loyer \ H, ‘Tt siny Shollow Layer
Stable Dischorge 3 Unslable Discherge
.
Diltuser
Type
Unidirectional Alternaling
Dittuser Ditfuser
. Alignment
' Angle
diculor/ > 43° Perpendicular| > 45° Perpandicular|>45¢
Porpendicu Parollsl <435°\ Poraliet <45°\Poroilel
13
L Weak Siron:
< ?‘.\:v':::l Cufr.:n * < rm?ml
MUIH MU2 Mu3 MU4 - U35 .MUS . & .MU .&
@ -~ X [T e

[

% 'zs' B -§79-®P- el I

S Side View

FIGURE A-6

-[y-




NEGATIVELY BUOYANT
MULTIPORT DIFFUSER DISCHARGE
IN UNIFORM LAYER {HEIGHT H,)

!

<! / I'..liltus'ﬂ' il >
Desp Loyer X H, v Shallow Layar
Stoble 3 Unslabl
1
Ul
Hy Flow Classes MNU7 - MNUI4
Sirong A ?  \Weak {Varticolly Fully Mixed)
Buoyanc s Buoyancy {Correspond lo Flow Classes
MU2~-MUS, Respeclively,
e Allernating with the Exception of
H,y Norztes Bottom Resiratification
Ty Attarnotin in the Far Field)
Dmuuv' Yes No!
1
Weok . Stron: 3;
Cross-tlow] >! <l Cwsl?llow m.;"‘"' '
oo
Unidirecty Staged
Diltuser, Ditfuser
] tul
Ta T
Waoh 0 ¥ \Sirong
Oattaction <! >118kong Wackieh = >1\g04, 0110
MNUI MNU2 MNU3 MNU4 M§ MNUS
Y. | N | - eS|~ - ’§
¢ P P
SSide View PPlon View £~ Oiftuses~Induted Flows Neor Botiom (not fulty misxed)
FIGURE_A-7 CORMIX2'S SUB CLASSIFICATION: BEHAVIOR OF NEGATIVELY BOUYANT MULTIPORT
<l t_‘ >
jel ~like \ u/ plumae -like
*Possitle clarsificotion [
for discharge nto
stognonl enviroamen)
29 _{ione Y2 !
L
crasafiow \"E!'/ collaw
shore-
hugoing
phuma
shoraling
ottachad
< fL\21 < % >
H
s (] hollo sholt
shallow deep shallow desp| i w phol ::Moml '
>
o
1
(34
:  otad  doed d inoted é
f!u FJ3 Fl4 SAL Sa2 W 2z * %)
-1 201 |2 2| |32 -
G| iR s || (x| | i =
Ploa View Plo View Ploa View Pron Vrtw
Plon Ve Viw
on View boeremc | for—¥— | LI e
M ton| [Crmreaacton| | Side Vuew Side View Side View "'"""'"".
FIGURE A-8 CORMIX3'S CLASSIFICATION SCHEME FOR POSITIVELY AND NEUTRALLY
1] 1 3




APPENDIX B

CORMIX1 CASE STUDY: SUBMERGED SINGLE
-PORT DISCHARGE IN A DEEP RESERVOIR

This case study illustrates the application of CORMIX1 to
the prediction of the effluent from a small manufacturing plant
into a large and deep, stratified reservoir.

B.1 Problem Statepent

A manufacturing plant (A-Plant) is discharging its effluent
into an adjacent deep reservoir. The plant design flowrate is
3.5 mgd (= 0.153 »’/s). The effluent contains chlorides at a
concentration of 3500 ppm, and is released at a temperature of
68° ¥ (= 20 °C).

The existing reservoir has been formed by flooding a river
valley. The reservoir length is approximately 60 miles. The
wvater level in the reservoir is fluctuating depending on the
release operation at the downstream dam with its hydropower
installation. During summer conditions, the reservoir level is
typically at an elevation of 710 ft above sea level. This
results in a reservoir width of about 4000 £t (= 1200 m) and a
maximum depth of 310 ft (= 95 m) at the discharge location. The
mean river flow into the reservoir during the summer low-flow
conditions is about 9000 cfs (= 255 »'/s). The typical
temperature of the inflowing river water is 55 °F (= 13 *C).

Figure B-1 shows the local bathymetry (as obtained from a
USGS map) in the vicinity of the proposed discharge. Since the
discharge is very small relative to the reservoir size and the
ambient flowrate, it is expected that mostly local conditions
will be important, and not overall reservoir dimensions. (Note:
Any such conjecture has to be verified against the final
simulation results, and adjustments have to be made if needed.)

Temperature data as a function of depth obtained from field
measurements in the center of the reservoir show a significant
temperature stratification (see Figure B-2), as is typical for
such deep reservoirs during summer conditions. The stratifica-
tion can be expected to be horizontally uniform and therefore
similar conditions will hold at the discharge site. Also, the
river inflow is colder than the surface layer of the stratified
reservoir. Therefore, it can be expected that the river water
will flow predominantly in a vertically limited layer. In this
example, the layer is assumed to extend from a depth of about
30 m to about 16 m below the surface. The velocity of that flow
is estimated at about 1.5 cm/s (= 0.015 m/s), given the 14 =
thick layer and an about 1200 » width at that elevation. (Note:
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More detailed hydrodynamic investigations, using available models
for stratified reservoir dynamics, can be used to obtain more
pPrecise estimates of the velocity field. Gensrally, however, it’
cannot be assumed that the velocity in stratified reservoirs is
given by the simple average of the flowrate divided by the cross-
sectional area.)

Desian Elevati ELEVATION (1)
7101t !
- ! 700
]
HOD= 100 it
HA= 1150 "0 g i 1

= 350m

EIGURE B-1

FIGURE B-2 TEHP!RATUR! PIBLD DATA AS A IUICTIOI OF DEPTH AND
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. The proposed discharge location on the side slope of the
cross-section is also shown in Figure B-l1: a submerged single
port discharge at an elevation of 610 ft above sea level, i.e. at
a local depth of 100 ft (= 30.5 m) below the surface, is proposed
in the initial design phase. The port diameter is 10 in
(= 0.254 m) and is located 2 ft (s 0.6 m) above the local bottom.
The discharge is pointing perpendxcular to the shoreline and is
angled upward at 10 °.

The discharge is subject to State mixing zone requlations
whereby the mixing zone width is less than 10 % of the width of
the water body. Furthermore, the chlorides in the effluent are
considered as toxic with CMC and CCC limits of 1200 and 600,
respectively.

B.2 Problem Schematization and Data Preparation

Table B-1 is the data sheet that summarizes the CORMIX1
input for the present problem. The ambient water body has been
characterized as unbounded in line with the expectation that the
discharge plume will be small in size relative to the reservoir
width. Furthermore, since (a) the discharge elevation is well
above the lowest point of the reservoir and (b) the plume is
expected to rise toward the surface, the ambient water depth is
taken as 115 ft (= 35.0 m) only. The depth at the discharge
corresponds to the elevation at the discharge location. The
ambient velocity corresponds to the estimate made above for the
stratified water body. A Manning's n value of 0.02 describes the
smooth bottom. )

Density data is simply entered via the temperature values of
the fresh water body. A Stratification Type C is chosen to
describe the actual temperature profile.

The discharge data values summarize the discharge situation
as described above. Finally, the mixing zone specifications
include a width value of 120 m, corresponding to 10 % of the
wvater bedy width of approximately 1200 m. Information is desired
over about one mile (= 1600 m) which represents the region of
interest (ROI) limitation.

B.3 CORMIX1 Sessjon and Results

If desired by the user, CORMIX1l provides a summary of the
data as they are entered, and then a full record of the simula-
tion sequence and final results. This session summary is shown
in Table B-2. Of particular interest to the user are the
evaluations in program element PARAM and CLASS. Note, that the
computed length scales L_.' and L,' are gquite small, indicating
that the jet or plume will be trapped quickly by the ambient
stratification; thus, this is the first numerical indication that
the near-field jet/plume will indeed be small relative to the
reservoir. The crossflow related scales L, and I, are quite
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TABLE B-1 DATA SHEET FOR SUBMERGED SINGLE PORT
——DISCHARGE IN DEEP RESERVOIR __

CORMIX1 - Submerged single port discharges -- CORMIX1

SITE/CASE IDENTIFIER: Prepared by:
Site Name DEEP RESFRVOIR GHJ
Discharger A-PLANT
Pollutant CHLORIDES Date prepared:

Design Case SUMMER - STRATIFICATION

DOS FILE NAME _ SUMMER1 10/18/91
AMBIENT DATA:

Bounded or unbounded? _UNBOUNDED

Channe! width e m

Channel depth 35.0 m

Depth at discharge 305 m

Ambient flowrate -=- _ms or: Ambientvelocity 0,015 mJs

Manning’s n 0.02 or: Darcy-Weisbach f  -.-

Density data: Density units: kg/m*

Fresh or sait water? FRESH Temperature units: c

Density or temp. values? TERF
1f uniform:

if stratified:
Average density/temp. Density/temp. at surface2g8,]
Densityemp. at bottom]1.0
Stratification type L
{Pycnocline height 155 __m
. {Density/temp. jump 9.0
DISCHARGE DATA:
Nearest bank (left/right)? RIGHT
Distance 10 nasrest bank 46.0 __m
Vertical angle {(THETA) 10 hd
Horizontal angle (SIGMA) S0
Port height 0.6 m
Port dismeter 0.254 m or: Port area - m
DWD:mMrge :ow hr;u 0153 m’/;’ or: Discharge velocity --- m/s
ge dens ~-- k or: Discharge temp. 20,
Concentration units PPH o o P . <
Discharge concentration 3500
MUDAING ZONE DATA:
Is effluent toxic? YES if yes: CMC value 1200
CCC value 600
Is there a WQ standard for
conventional pofiutant? NO If yes: vaiue of standard__ ---
Any mixing zone spedﬁadﬂ ES If yes: distance ———__ M
or width (% or m)__]_zn_n,
or area (% or m?)
Region of interest 1600 m

Grid intervals for display

Date of data input into CORMIX1: 10/18/91

IABLE RB-2  CORMIX1 SESSION RECORD FOR DEEP RESERVOIR

XXXXXAXAXXXXXXX N
CORMELL MIXING XOME EXPERT SYSTEM

CORMIX1l: Submerged Single Port Discharges CU Version 1.30 (August 1991

start of session: 2~ 5-1992 15:11:23

P L L e L L e S e T ey Y

SITE/CASE DESCRIPTION SUMMARY:

Site name = DEEP RESERVOIR
E£ffluent discharger = A-PLANT

Pollutant = CHLORIDES

DESIGN CASE = SUMMER-STRATIFICATION
FILE NAME =

T T T e T L T e e A e e T T 2 T L Y

SUMMARY OF AMBIENT CONDITIONS:
Yhe ambient water body is unbounded.

Average water depth EA = 35.0 m
Depth at discharge HD = 30.5m
Ambient velocity UA = 0.015 a/s
Manning's n = 0.02

asbient Density Stratification me C: Constant density lnrtncc layer with

linear density profile in bottoa layer separated by a density jump.
Surface density REOAS = 996.340881 kg/m™3
Bottom density . REGAB = 999.691284 kg/m"3
Intermediate level BS = 15.5 m above bottom (pycnocline)
Pycnocline dansity jump . DREOJ = 2.2226%56 kg/m"3
Top lower layer density REOAP = 998.563538 kg/m"3
Buoyancy gradient £ = 0.0007124 1/8°2
Buoyancy gradient ES = 0.002120 1/8°2 (surrogate)
AL AL IR 22 2 0 2 4 L2 ARG COARGEN RN O GO EE POt odad ot otadnd
SUMMARY OF DISCHARGE CORDITIONS:
Distance to nearest bank DISTB = 46.0 a
Searest bank/shore = right
Port height HO =0.6m
Vertical angle THETA <t 10 deg
Horizontal angle SIGHMA = 90 deg
Port diamstaer Do = 0.254 &
Port area A0 = 0.050669 m"2
Discharge flowrate Qo = 0.153 a”3/s
Discharge velocity uo = 3.019598 a/s
Discharge density REOO0 = 998.387207 kg/m"3
Effluent concentration co = 3500
Concentration units =
CEN RGO AR GRS E R ARG AR AR RO Rt e et d R eetaddtatdoted 122231 L ] ettt e

SUMMARY OF MIXING ZIOME PARAMETERS:
Yhe effluent is toxic as defined by USEPA standards.
The discharge is subject to Toxic Dilution Zone (TDZ) restrictions.
CMC = 1200 PPM.
CCC = 600 PPM.
Requlatory Mixing Zone (RMZ) is specified by width.
Mixing zone extent = 120 (m if length or width or m"2 if area).
Begion Of Interest (ROI) is specified by downstream distance.
XINT = 1600 m from discharge point
of intervals for prediction display = 20

P e e R e T T e T e ) taneUssecadseRatRREER cow

LR e Y L e e T 2 e S R g

Program Element PARAM: Design Case: SUMNER-STRATIFICATION
Belative density differences between discharge and ambient:

Ambient density at the discharge level RHOABO = 999.647644 kg/m"3
Surrogate ambient density at discharge level RHOABOS = 999.561584 kg/m"3
Vertical mean ambient density RHOAM = 997.757019 kg/m"3

The effluent density (998. 337207 kg/m"3) is less than the surrounding
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TABLE B-=2 (Continued)

ambient water density at the discharge level (999.647644 kg/m"3).
Therefore, the effluent is positively buoyant and will tend to rise towards
the surface.
Flow bulk paraneters:
Discharge volume f£lux Q0 = 0.153 m“3/s
Discharge momentum f£lux M0 = 0.461999 a“4/8"2.
Discharge buoyancy flux JO = 0.001892 a“¢/s"3.
Surrogate discharge buoyancy flux JOS = 0.001763 m“4/3°3.

Flow length scales:

Discharge length scale

Jet crossflow length scale

Plume to crossflow length scale

Jet to plume transition length scale 12.883611 m

Jet stratification length scale Lm' = 5.043541l m

Surrogate jet stratification length scale lm's = 3.842166 m

Pluse stratification leagth zcale Lb' = 3.15%618 =

Surrogate plume stratification length scale Lb's = 2.098193 =

The surrogate length scales assume an equivalent linear stratification
including the density jump in the lower layer.

0.225098 m
45.313648 =
560.546753 m

EEES

Bon-dimensional parameters:
Densimetric Froude number FRO = 53.880943
Jet/Crossflow Velocity Ratio R = 201.306534

LR L T L L L I I T P P P T T T YT Y T T 2 T Y
[}

T TR R LI AT L S Y Y Y 2 .ew ] (2]

Design Case: SUMMER-~STRATIFICATION

LA R R R P T T 2

Program Element CLASS:
The near field flow configuration will have the following features:

If flow trapping occurs, then the flow is jet-like and is strongly affected
by the ambient density stratification with a weak crossflow effect (if any)

The specified two layer ambient density stratification is dynamically
important. The discharge near field flow will be confined to the lower
layer by the ambient density stratificatien.

Furthermore, it say be trappead below the ambient density jump at the
pycnocline.

The discharge near-field behavior is dominated by either the positive
buoyancy of the discharge or the upward vertical orientation of the

- discharge port.

There is the possibility of dynamic bottom attachment.

The following conclusion on the flow configuretion applies to the lower
layer only of the specified ambient stratification conditioa C.

Bote that the lowar layer will be overlaid by the surface layer of the
ambient density stratification. The surface layer will resain undisturbed
by the near field discharge flow (with the exceptiom of some possible
intrusion along the pycnocline):

Flow class s3 )
Applicable layer depth HS = 15.5 m

LA LT R R e Y R T Y P e P Y P Y Y PR R Y T T
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IABLE B=2  (Continued)

L L L T L e R Y T Y

Program Element SUM: Design Case: SUMMER-STRATIFICATION

X-¥~2 Coordinate system:
Origin is located at tha bottom below the port center:
46.0 = from the right bank/shore.

AYDRODYNARIC MIXING ZONE (HMZ) CONDITIONS :

Sote: The HMZ is the zone of strong initial mixing. It bas no legal
implication. Sowevar, this information may be useful for the discharge
dasigner because the mixing in the HMZ is usually sensitive to the
discharge design conditions.

Pollutamt concentration at edge of #MZ = 254.7477 PPH
Dilutioo at edge of HMZ = 3.2
HMZ Location: x = 62.45 m
{centerline coordinates} y = 10.39 =
z = 2.4l =
EMZ plwsme dimensions: half-width = 124¢.91 m
thickness = .53 =’

UPSTREAM INTRUSION SUMMARY:
Plume exhibits upstream intrusion due to low ambient velocity or strong .

discharge bucyancy.

Intrusion len = 62.45 a
Intrusion stagnation point = -62.45 m
Intrusion thickness = 1.4 m
Intrusion half width at impingement = 124.91 =
Intrusion half thickness at impingement = .53 m

SO ARROEOREG NSRS ORGERESOIES m:c DIL“IO" zm sm‘y et et Rttnd bttt tad Rttt an
Recall: The TDZ corresponds to the three (3) criteria issued in the USEPA
Technical Support Document (TSD) for Water Quality-based Toxics Coatrol,
1991 (EPFA/505/2-90-001).
Criterion maximum concentration (CMC)
Corresponding dilution

= 1200.000000 PPM
=

The CMC was encountered at the following plume position:
=
=
=

Plume location: x .00 m
(centerline coordinates) b4 2.37 m
z 15 =
Plume dimension: half-width .40 m
Criterion l: This location is within 50 times the discharge length scale of
Iq= .22 m.
+++++ The discharge length scale test for the TDI has been SATISFIED. ++++¢+

Criteriom 2: This location is within 5 times the ambient water depth
HD = 30.50 (m).
+4++4++44+++ The ambient depth test for the TDI has been SATISFIED. ++étdttdtss

Criter.om 3: This location is within one tenth the distance of the extent
of the Regulatory Mixing Zone of 41.33 a downstream.
+++++ The Regulatory Mixing Ione test for the TDZ has been SATISFIED. +++t4+

The diffuser discharge valocity is equal to 3.01 a/s.
This exceeds the value of 3.0 m/3 recommended in the TSD.
++ The discharge velocity recommendatjon for the TDZ has been SATISFIED. +++

®#ee Al] three CNC criteria for the TDZ are SATISPIED for thiy discharge. ***

ehds et adotedstttRR ROt mm‘y “Ix:m zo“‘ my Seatedtoanatdtatotttanye
The plume conditions at the boundary of the specified RMZ are as follows:
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TABLE B-2  (continued)

Pollutant concentration = 300.556700 PPN
Corresponding dilution = 1l.9
Plume location: x = 41.33 m
{centerline coordinates) y= ~46.00 =
z = 2.4l =
Plume dimensions: half-width = 120.00 =
thickness = .49 m

At this position, the plume is contacting to the right bank.

Furthermore, the CCC for the toxic pollutant has indeed been met
within the RMI. In particular:

The CCC wes encountered at the following plume position:

The CCC for the toxic pollutant was encountered at the following
pPlume position:

cco = 600.000000 PPM
Corresponding dilution = -
Plume location: x = .00 m
(canterline coordinates} Y= $5.96m
z = 1.27 =
Pluse dimension: half-width = .80 =

L L L L T P T P P R e e v e 2 2 T T

DESIGN CASE: SUMMER-STRATIFICATION " FPILE RAME: SUMM
End of session: 2~ 5-1992 15:31: 5

CORMIX1: Submerged Single Port Dischargea CU Version 1.30 (August 1991

Note: Programs distributed by US EPA and Cornell University with the same
version mumbers may not alweys previde {dentical simulation results dus to
e tag tl- batween the discovery of subtle progrea code errors and the

tr of correcti from Cornell to the EPA softuere distribution
network. This cass etixly represents such s situstion; the EPA ver 1.30
provides simuistion resutts which differ siightly from those show sbove.

large, indicating that the ambient velocity is very weak. The
resulting flow class S3 is dominated by the ambient stratifi-
cation; the plume will be limited to the lower layer of the
stratification. The user should also consult the description of
flow class S3 that is available during the CORMIX1 session (not
reproduced here). The detailed plume properties are computed in
program element HYDRO, and are displayed in the Fortran output
file (see Table B-3, discussed in more detail further below).

Many important features of the plume prediction are
. summarized in program element SUM of the session record (see
Table B~2). Notably, all aspects pertaining to mixing zone
regulations are contained in that summary. For example, it can
be seen quickly from that summary that the present discharge
configuration meets all three toxic dilution zone (TDZ) criteria

o S

IABLE B-3

OUTPUT FILE FOR DETAILED CORMIX1 PREDICTION

——————FOR DEEP RESERVOIR .

11111111111111111111111111111111111111111111111111111111111111111111111111111

CORNELL MIXING 20ME EXPERT SYSTEM
CORMIX1l: Submerged Single Port Discharges

CU Veraion 1.30 (August 199

CASE DESCRIPTION

SITE RAME: DEEP RESERVOIR
DISCHARGER NAME: A-PLANT
POLLUTANT NAME: CELORIDES

DESIGN CASE: SUMMER-STRATIFICATION
DOS FILE NAME: SUMMER1 .CXO
DATE AND TIME OF FORTRAN SIMULATION: 1-16-1992_18:19:31
ENVIRONMENT PARAMETERS (METRIC UNITS)

URBOUHDE SECTION

= 35.00 HD = 30.50
UA = .015 F = .010 .
DENSITY STRATIFIED ENVIRONMENT
STRCND = C
RHOAS = 996.34 RHOAB = 999.69 DRHOY = 2.22 RHOA = 99999.
RHOAHO = 999.65 HINT = 15.50
E = .7140E-03 ES = .2120E-02
DISCBARGE PARAMETERS (METRIC UNITS)
BANK = RIGHT DISTB = 46.00
DO = .254 A0 =z .051 RO = .60
THETA = 10.00 SIGMA = 0.00
uo = 3.020 QO = .153 (QO = ,1530E+00)
REHOO = 998.39 DRHOO = 1.26 GPO = ,1237E-01
co = _3500E+04 UNIRS = PPN
PLUX VARIABLES ’
Q0 = ,1530E+00 MO = .4620E+00 J0O e .1892E-02 SIGNJO = 1.0
ASSOCIATED LENGTH SCALES (METERS)
Lo .23 LM = 12.88 La = 45.31 b = 560.
Lap = 5.04 Lbp = 3.
lou-nrms:ouu PARAMETERS
PRO 53.88 R = 201.31
FLOW CLASSIFICATION
AL I A I 222222 A 2 R A A R R P R R I P T R e T T PR I R R T EPT I R RI R IYT I YRR RS YIS TR Y |
. FLOW CLASS = s3 .
. APPLICABLE LAYER DEPTH HS = 15.50 .

LA A Al R R e e e e R Y L]

MIXING ZONE / TOXIC DILUTION / REGION OF INTEREST PARAMETERS

co = .3500E+04 CUNITS = PPM

NTOX = 1 (o = .1200E+04 CCC = CSTD
NSTD = 1 CSTD = .60005+03

LEGMZ = 1 LEGSPC = 2 LEGVAL = 120.00
XLEG = -00 WLEG = 120.00 ALEG = .00
XINT = 1600.00

XMAX = 1600.00

NSTEP = 20

X~Y¥-Z COORDINATE SYSTEM:

ORIGIN is located at the bottom and below the center of the port:

-46.00 m from the RIGHT bank/shore.

X~axis points downstream, Y-axis points to left, 2-axis points upward.
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TABLE B-3  (Continued) IARBLE B=3  (Continued)
BEGIN MOD137: TERMINAL LAYER INJECTION/UPSTREAM SPREADING
BEGIN NOD10l: DISCHARGE MODULE CONTROL VOLUME
PROPILE DEPINITIONS: UPSTREAM INTRUSION PROPERTIES:
B £ Gaussian 1/e (37%) half-width, normal to trajectory MAX/MIM ELEVATION OF JET/PLUME RISE/FALL = 3. 72 m
C = centerline concentration I LAYER TEICKNESS IN INJECTION REGION = 1.30 =
§ = corresponding centerline dilution UPSTREAM INTRUSION LENGTH s 62.46 =
X-POSITION OF UPSTREAM STAGNATION POINT = -62.45 m
PREDICTION TRICKMESS IN UPSTREAM INTRUSION REGION = 1.3 =
X Y 2 s c B BALF-WIDTRE AT DOWNSTREAM END = 124.91 =
.00 .00 .60 1.0 .3S0E+04 .13 THICKMESS AT DOWNSTREAM END = 4 a
D, : DISCHARGE DULE PROFILE DEFINITIONS:
EWD oF moniot e w 3V = top-hat thickness, measured vertically
BE = top-hat half-width, measured horizontally in Y-direction
EGIN MOD114: NEAR-HORIZORTAL JET IN LIMEAR STRATIFICATION C = average (bulk) concentration
pEom * § = correspoading average (bulk) dilution
CROSS~FLOWING DISCHARGE ZU = upper plume boundary {(Z-coordinate)
PROFILE DEFINITIONS: ZIL = lower plume boundary (Z-coordinate)
8 = Gaussian l/e (37%) half-width, normal to trajectory
C = centerline concentration pmxc;mu Y z s c .
§ = corresponding centerline dilution
P 9 CONTROL VOLUME INFLOW
PREDICTION .00 10.40 2.42 9.4 .371E+03 1.30
X Y 2z s c B X Y 2z S [ BV BH Zu ZL
.00 .00 .60 1.0 .350E+04 .14 CONTROL VOLUME QUTFLOW
.00 .52 .62 1.4 .24BE+04 .20 . 62.46 10.40 2.42 13.2 .265E+03 .54 124.91 2.69 2.15
.00 1.04 .65 1.8 .190E+04 .25 I
.00 1.56 .68 2.3 .1S54E+04 .3 END OF MOD137: TERMINAL LAYER IRJECTION/UPSTREAM SPREADING
.00 2.08 .72 2.7 .130E+04 .37

*s CMC HAS BEEN FOUND ** #*+ END OF HYDRODYNAMIC MIXING IONE (HMZ) %o+
THE POLLUTANT CONCENTRATION IN THE PLUME FALLS BELOW THE CNC VALUE OF .12E
IN THE CURRENT PREDICTION INTERVAL.

THIS IS THE EXTENT OF THE TOXIC DILUTION IONE.

IN TRIS DESIGK CASE, THE DISCEARGE IS LOCATED TDO CLOSE TO BANK/SHORE.
SOME BOUNDARY INTERACTION OCCURS AT END OF NEAR-FIELD.
TEIS MAY BE RELATED TO A DESIGN CASE WITH A VERY LOW AMBIENT VELOCITY.

.00 2.60 .77 3.1 .113E+04 .43 THE DILUTION VALUES IN ONE OR MORE OF THE PRECEDING ZONES MAY BE TOO HIGH.
.00 3.12 .83 3.5 .991E+03 -49

.00 3.64 .90 4.0 .88%5%+03 .54 CAREFULLY EVALUATE RESULTS IN MEAR-FIELD AND OETERMINE DEGREE OF INTERACTION
.00 4.16 .97 4.4 .800E+03 -60

.00 4.68 1.05 4.8 .729E+03 .66 COMSIDER LOCATING OUTFALL FURTEER AWAY FROM BAENK OR SHORE.

.00 $.20 1.13 5.2 .670E+03 .72 IN THE WEXT PREDICTION MODOLE, TEE PLUME CENTERLINE WILL BE SET

.00 5.72 1.23 5.6 .620E+03 .78 TO FOLLOW THE BANK/SHORE.

** WATER QUALITY STANDARD OB CCC RAS BEEN FOUND bt

THE POLLUTANT CONCENTRATION IN THE PLUME FALLS BELOW TRE WATER QUALITY STAND
QR CCC VALUE OF -60E+03 IN THE CURRENT PREDICTION INTERVAL.

THIS IS THE SPATIAL EXTERT OF CONCENTRATIONS EXCEEDING THE WATER QUALITY
STANDARD OR CCC VALUE.

BEGIN MOD142: BUOYANT TERMIRAL LAYER SPREADING

PLUOME IS ATTACHED TO RIGHT BANK/SHORE.
PLUME WIDTR 1S NOW DETERMINED FROM RIGHT BANK/SHORE.

.00 6.24 1.33 6.1 .ST7E+03 .83 SINULATION LIMIT BASED ON MAXIMUM SPECIFIED DISTANCE = 1600.00m.
~00 6.76 1.44 6.5 .539E+03 .89 TEIS IS THE REGION OF INTEREST LIMITATION.

.00 7.28 1.56 6.9 .SO07E+03 .95

.00 7.80 1.68 7.3 .477E+03 1.0l FROFILE DEFINITIONS:

.00 8.32 1.81 7.8 .451E+03 1.07 BV = top-hat thickness,measured vertically

“00 8.84 1.95 8.2 .428E+03 1.12 BH = top-hat half-width, measured horizontally in Y-direction

‘00 9.36 2.10 8.6 .407E+03 1.18 C = avarage {bulk) concentration

.00 9.88 2.26 9.0 .388E+03 1.2¢ § = corresponding average (bulk) dilution

J00 10.40 2.42 9.4 .371E+03 1.30 . ZU = upper plume boundary (Z-coordinate)

IL = lower plume boundary {Z-coordinate)
END OF MOD114: WEAR~-HORIZONTAL JET IN LINEAR STRATIFICATION

PREDICTION: STAGE 2: BANK ATTACHED
2z s c BV BE U iL
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IABLE B-3 (Continued)
** REGULATORY MIXING ZOWE BOUNDARY *¢
IN THIS PREDICTION INTERVAL THE PLUME WIDTE MEETS OR EXCEEDS

THE REGULATORY VALUE =  120.00 m

TBIS IS THE EXTENT OF THE R¥GULATORY MIXING ZONE.

62.46 -46.00 2.42  13.2 .26SE+03 .74 181.31 2.79  2.08
139.33  -46.00 2.42  13.5 .260E+03 .70 195.85 2.77 2.07
216.21  -46.00 2.42  13.7 .255E+03 .67 209.61 2.7S  2.09
293.09 -46.00 2.42  13.9 .251E+03 .64 222.74 2.74 2.10
369.96 -46.00 2.42  14.1 .248E+03 .61 235.30 2.72 2.1}
446.84  -46.00 2.42  14.3 .24SE+03 .59 247.38 2.71 2.12
$23.72 -46.00 2.42  14.5 .242E+03 .57 259.04 2.70 2.13
600.60 -46.00 2.42  14.6 .240E+03 .55 270.31 2.69 2.14
677.47 ~-46.00 2.42  14.8 .237E+03 .54 281.24 2.69 2.1§
754.35 -46.00 2.42  14.9 .235E403 .52 291.86 2.68 2.16
831.23 -46.00 2.42  15.0 .233E+03 .51 302.20 2.67 2.17
908.11 -46.00 2.42  15.1 .231E+03 .49 312.28 2.67 2.17
984.98 -46.00 2.42  15.3 .2298+03 .48 322.12 2.66 2.18

1061.86 -46.00 2.42  15.4 .228E+03 .47 331.75 2.65 2.18
1138.74 -46.00 2.42  15.5 .226E+03 .46 341.16 2.65 2.19
1215.61 -46.00 2.42  15.6 .225E+03 .45  350.39 2.65 2.19
1292.49 -46.00 2.42  15.7 .223E+03  .4S  359.43. 2.64 2.20
1369.37 -46.00 2.42  15.8 .222E+03 .44 368.31 2.64 2.20
1446.25 °-46.00 2.42  15.9 .220E+03 .43 377.03 2.63 2.20
1523.12 -46.00 2.42  16.0 .219E+03 .42 385.61 2.63 2.21
SIMULATION LIMIT AS SPECIFIED NAS BEEN REACHED; PREDICTION TERMIRATES

AT THIS STAGE.

1600.00 -46.00 2.42  16.1 .218E+03 .42 394.04 2.63 2.21

END OF MOD142: BUOYANT TERMIRAL LAYER SPREADING

End of Output
CORMIX1: Submerged Singls Port Discharges

CU Varsion 1.30 (August 199
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and also the regulatory mixing zone (RMZ) limitation. Obviously,
other ambient conditions and discharge variations should be
considered in additional simulations before a design such as this
should be deemed fully satisfactory.

B.4 Graphical Displavs of Detajled Plume Predictions

As for most engineering studies it is desirable to produce
graphical displays for visualization of the predicted results.
The ‘data contained in the Fortran output file (Table B-3) form
the basis for such plots. Unfortunately, it is often difficult
to display all plume features in one single plot because the
plume may contain a lot of near-field details while extending
over large distances into the far-field. A short examination of
Table B-3 proves that point: The plume gets quickly trapped
within a very limited near-field but with considerable mixing
(see MOD114 of the CORMIX1 prediction). Yet after that the plume
extends over large distances into the far-field forming a wide
thin layer within the stratified reservoir (see MOD142).

Two plots have been prepared to display the detailed near-
tield mixing (Figure B-3) and the larger scale far-field
spreading (Fiqure B-4) of the effluent plume. Figqure B-3 showvs

Note: Programs distributed by US EPA and Cornell University with the same
version mmbers swy not slueys provide identical simulation results dus to
a lag time betuesn the discovery of subtie program code errors and the
transmission of corrections from Cornell to the EPA softuare distribution
network. This cass study represents such s situstion; the EPA ver 1.30
provides sisulatien resutts shich differ slightly from those show sbove.
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FIGURE B-4 OVERALL SHAPE OF PLUME PREDICTED BY CORMIX]1

the initial trajectory of the slightly upward curved jet (MOD114)
that gets trapped at an elevation of 2.34 m above the local
bottam. 1In the trapping stage the jet undergoes a complicated
transition (MOD 137) to the horizontally spreading layer. No
detailed models are available to predict that transition; CORMIX1
predicts only a few parameters such as the upstrean intrusion
length, downstream width, etc. As indicated in Figure B-3,
reasonable transition boundaries can be assumed to provide smooth
transitions to the far-field processes.

The far-field plot (Figqure B-4) shows the wide and thin
layer that forms as the plume collapses laterally within the
ambient stratification while it is advected by the weak ambient
flow. Again, a discontinuity occurs in the transition from the
control volume (MOD137) describing upstream spreading to the
continuous prediction for ambient buoyant spreading (MOD142).

The cause for this discontinuity is the simultaneous interaction
of the plume with the channel boundary that occurs within MOD137.
CORMIX1 detects such complicated simultaneous processes and warns
the user who then can compensate by providing reasonable, mass-
conserving transitions.

It is also possible to include concentration values, e.g.
along the centerline, in plots of this type. This has not been
done in these figures in order not to overload them. Only the
locations where the CMC and CCC values are met have been
indicated.

CORMIX1 AND 2 CASE STUDY: SUBMERGED SINGLE POR
21ee: POR A _SHAL

ND

E MU]J 0 DIYYUEER

The design modification of an existing (hypothetical
situation) discharge from a plant into a shallow river is
considered in this case study. This affords an opportunity to
demonstrate the joint use of CORMIX and of a dye field study in
order to analyze an existing effluent plume from a single port
discharge and to suggest a design conversion to a multiport
diffuser with improved mixing characteristics.

C.1 Problem Statement

An industrial plant (B-Plant) is currently discharging its
effluent into an adjacent shallow river. The design flowrate is
quite small at 2.1 mgd (= 0.092 m’/s). The river is about 200 to
300 £t wide at the discharge location and the following down-
stream reach. Water depth is, of course, dependent on the river
discharge that is seasonally variable. An examination of avail-
able streanflow records (USGS data) suggests a 7Q10 low flow
discharge of 285 cfs (= 8.1 m'/s).

Recent water quality studies in the discharge reach per-
formed during low flow summer conditions have shown occasional
coloration problems in the discharge plume that seem to be re-
lated to inadegquate mixing characteristics of the present sub-
merged single port discharge. For that reason the plant operator
is considering an improvement of the discharge structure.

c.2 'Existing Single Port Discharge: Dye Field Study and CORMIX1
Comparison:

An initial field study was conducted in order (a) to measure
the geometric and hydraulic characteristics of the discharge
reach with special emphasis on the first 1000 ft downstream, and
(b) to determine plume concentrations by means of a dye injection
into the plant effluent.

- shows the plan geometry of the discharge reach.
River cross-sections were determined by depth measurements at
several stations as indicated. For example, Figure C-2 gives the
cross-section at the discharge location. All cross-sections ex-
hibit quite some non-uniformity as is typical for a gently meand-
ering alluvial (gravel) river. The indicated water level
corresponds to the river discharge of 840 cfs (= 23.7 m'/s) that
was measured during the field survey using the usual USGS stream-
gaging methods. The 8 in (= 0.2 m) diameter discharge pipe is
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located about 95 ft from the right bank, and is pointing in the
downstrean direction.

To obtain a detailed description of the flow field in the
river reach, discharge measurements were conducted at several
more downstrean stations (200, 400, 750, and 1000 ft, respec-
tively). Figure C-1 includes the cumulative discharge isolines,
expressed in & of the total discharge as measured from the right
bank, for the reach. These lines provide a useful indication of
the mean flow pattern in such a winding river for subsequent
interpretation of observed plume features (see also comments on
cumulative discharge method in Subsection IVG(2)c).

A dye test was carried ocut by continuously discharging a
fluorescein dye solution into the plant effluent. The dye con-
centration exiting the discharge pipe was 560 ppb. Dye concen-
trations were measured at the transects indicated in Figure C-1,
and have been plotted in Fiqure C-3 as a function of distance
from the right bank. The observed concentration profiles show
decreasing peak (maximum) values with increasing downstream
distances. Observations indicated a vertically mixed plume at

Downstream
Distance (f)
1000

Scale T2 PPP

3 8 & 8§

o8 8

i

- s i 8.

250 200 150 00 SO O
Distance From
Right Bank (ft)

FIGURE C-3 DYE CONCENTRATION FROM FIELD TEST PLOTTED
AS A _FUNCTION OF DISTANCE FROM RIGHT BANK
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all locations. 1In the display of Figqure C-3 the plinie centerline
position is clearly shifting relative to the right bank, and the
plume width occasionally appears to contract in width.

an initial CORMIX1 evaluation was carried out to ascertain
its applicability in this somewhat irregular flow environment.
For this purpose, the cross-section was schematized as a rectan-
gular cross-section putting emphasis on the depth conditions
around the discharge location. Information from the cumulative
discharge data was used. iv

a ~ha 5
hydraulically closer to the left bank. 'mis is reflected in the
schematization: Within the assumed 165 ft (= 50 r) wide by 2 ft
(= 0.6 ) deep rectangular channel, the discharge is located 20 m
from the left bank. The roughness of the slightly winding, but
othervise clean natural channel has been specified by a Manning's
n valwe of 0.03.

Table C-]1 summarjizes the data prepared for the CORMIX1
session, while Table C-2 represents the session record. The
detailed plume prediction is given in Table C-3. CORMIX1l pre-
dicts that the plume gets rapidly mixed over the shallow depth,
and is primarily influenced by far-field mixing processes, a
feature that is quite consistent with observations. The dye
concentration distribution predicted by CORMIX1 in the schematic
rectangular channel are plotted in Fiqure C-4 and show a much
more regular mixing pattern than the earlier Figuyre C-3. How-
ever, matters can be readily reconciled when both field data and
CORMIX1 predictions are interpreted as a function of cumulative
discharge. This has been done in Figure C-S5 where both distri~
butions are directly superimposed on the cumulative discharge
pattern. The agreement is excellent.

C.3 Proposed Multiport Diffuser Discharge Under 7Q10 Flow
1iti s CORMIX2 3ict

The following strategy is pursued in order to improve the
near-field mixing characteristics of the existing discharge: (a)
Utilization of a multiport diffuser to increase the initial en-
trainment of ambient water into the multiple effluent jets, and
(b) shifting of the discharge location toward the right bank to
delay the contact with the left shoreline that with the present
installation, seems to occur at a downstrean distance of 1000 ft.

The design study is carried out Tor the low flow ambient
condition given by the 7Q10 discharge (285 cfs = 8.1 n'/s) as is
typical for water quality studies on riverine sites. Assuming
channel _roughness is unchanged, the Manning equation presented in

suggests a water depth of approximately 0.3 m
occurs during the 7Q10 design flow condition.
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IABLE C~-1 DATA SHEET FOR SUBMERGED SINGLE PORT
DISCHARGE IN SHALLOW RIVER

CORMIX1 — Submerged single port discharges - CORMIX1

SITE/CASE IDENTIFIER: Prepared by:
Site Name SHALLOW-RIVER
Discharger B-PLANT : - GHJ
Pollutant TRACER Date prepared:
Design Case DYE-TEST 1071879
DOS FILE NAME DYE1
AMBIENT DATA:

Bounded or unbounded? _BOUNDED
Channel width 50.0 m
Channel depth 0.60 m
Depth at discharge 0.60 m
Ambient flowrate 237 m?/s or: Ambient velocity ~--
Manning’s n 0.03 or: Darcy-Weisbach f  <--
Density data: Density units: kg/m?
Fresh or salt water? FRESH Temperature units: °c
Density or temp. values? _TEMP
i uniform: If stragified:
Average density/temp. 20.0 Density/temp. 8t surface---

: Density/temp. at bottom=--

Stratification type ===
{Pycnocline height - m)

(Density/temp. jump ——— J

DISCHARGE DATA:
Nearest bank (left/right}? LEFT

Distance to nearestbank 20.0 m
Vertical angle (THETA) 0
Horizontal angle (SIGMA) 0
Port height 0.18 m
Port diameter 0.2 or: Port area ane m?
Discharge flow rate 0097 m‘ls or: Discharge velocity _--- _m/s
Discharge density - kg/m? or: Discharge temp. 22.0 __°C
Concentration units PPB
Discharge concentration 560
MIXING ZONE DATA: .
Is effluent toxic? NO If yes: CMC value ==
CCC vailue -

is there a WQ standard for

conventional poflutant? NO if yes: value of standard_---
Any mixing zone specified? LY If yes: distance - m

or width (% or m) ---
or area {% or m?) ---
Region of interest 1000 m
Grid intervals for display 20

Date of data input into CORMIX1: 10/18/91
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TABLE C-2  CORMIX1 SESSION RECORD FOR SHALL’Y RIVER

XXXXAXAXXXAXXXXXXXXXXXXXXXXXXXXXXX XX XXXXXX XXX XXTXXAXXXXXXXLXXLXX XXX XXX XXX X XXX
CORNELL MIXING ZONE EXPERT SYSTEM

CORMIX1: Submerged Single Port Discharges CU Version 1.30 (August 1991)

Start of session: 10-18-1991 17:23:40 .

P R e R P R A PR AR R A R ISR S A A A R AR A2 a2 iR 2 A a2 s 2l )

SITE/CASE DESCRIPTION SUMMARY:

Site nams = SHALLOW-RIVER
Effluent discharger = B~PLANT
Pollutant = TRACER
DESIGN CASE = DYE-TEST
FILE NAME = DYE1l

"i""""""."t""""'t't'"'."t"t"t""""""""""""""Q""'
SUMMARY OF AMBIENT CONDITIONS:
The ambieat water body is bounded.

Channel width w = 50.0 m
Average water depth HA = 0.60 m

Depth at discharge BD = 0.60 m
Ambient velocity OA = 0.790000 m/s
Ambient flowrate oA = 23.7 m"3/s :
Manning‘s n | = 0.

The ambient is unstratified.
Ambient density RHOA = 998.387207 kg/m"3

Py R TR R A A R 2 AT R LS L R S 222 A 2 Al A A L A d it Al Al e add

SUMMARY OF DISCEARGE CONDITIONS:

Distance to nearest bank DISTE = 20.0 m
Nearest bank/shore = left

Port height EO = 0.15m
Vertical angle THETA = 0 deg
Horizontal angle SIGMA = 0 deg

Port diameter DO =0.2 m

Port area A0 = 0.031415 m"2
Discharge flowrate Qo = 0.092 m"3/s
Discharge velocity 6o = 2.928537 m/s
Discharge density RHOO = 997.958801 kg/m"3
gffluent concentration co = 560
Concentration units = PPB

"""""""'"'t"'.".""t".""."."'."'.".".'."""."."".."'.""
SUMMARY OF MIXING 20NE PARAMETERS:
The effluent is not toxic as defined by USEPA standards.
No ambient water quality standard has been lpet:.i.ﬁ.ed.
No Regulatory Mixing Zone (RMZ) has been specified.
Region Of Interest (ROI) is specified by downstream distance.
XINT = 1000 m from discharge point
Number of intervals for prediction display = 20

P sy PR R A R R 2 2 2 2 2 A R 2 A 22 A A 2 A A Al A A ddah bl Al

ey e e R A 2 2 A RS L R R 222 T a2 d R A S R 2 alad Al iadtaddd

Program Element PARAM: Design Cose: DYB-TBST

Relative density differences between discharge and ambient:

The effluent density (997.958801 kg/m~3) is less than the surrounding
ambient water density at the discharge level (998.387207 kg/m"3).

Therefore, the effluent is positively buoyant and will tend to rise towards
the surface.

Flow bulk parameters:

Discharge volume flux Qo
Discharge momentum flux w0
Discharge buoyancy flux J0

= 0.092 m"3/s
= 0.269425 m"“4/8"2.
= 0.000387 m“4/8"3.
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TABLE C-2  (Continued)

Plow length scales:

Discharge length scale LQ = 0.177243 m
Jet crossflow length scale Lm = 0.657040 m
Plume to crossflow length scale ILb = 0.000785 m
Jet to plume transition length scale LM = 19.006311 m

Non-dimensional parameters:
Densimetric Proude number FRO = 100.948029
Jet/Crossflow Velocity Ratio = 3,707009

L2222 22 222 2222 22222 22222 22 2R 2Rl R Ly d e R e I 2 T T I T

]

IA2 222 R 22 A2 AL 2222222222 22 222 R R Rl y R L R R R R R

Program Element CLASS: Design Case: DYE-TEST
The near field flow configuration will have the following features:

The discharge near-field behavior is dominated by either the positive
buoyancy of the discharge or the upward vertical orientation of the
discharge port. '

There is the possibility of dynamic bottom attachment.

The discharge flow will experience instabilities with full vertical mixing
in the near-field. -

There may be benthic impact of high pollutant concentrations.

The following conclusion on the flow configuration applies to a layer
corresponding to the full water depth at the discharge site:

Plow class H5-0
Applicable layer depth HS = 0.60 m

L4 A4l Al s 22222 22222222222 22223222222 122222222 22 22 22 22222 2222 2 2 eyl

LA d 2122 IR 2 a2l 2 2222 22221222222 222222222222 X222 22222222222 22 X222

Program Element SUM: Design Case: DYE-TEST

X-Y-X Coordinate system:
Origin is located at the bottom below the port center:
20.0 m from the left bank/shore.

HYDRODYNAMIC MIXING ZONE (HMZ) CONDITIONS :

Note: The HMZ is the zone of strong initial mixing. It has no legal
implication. However, this information may be useful for the discharge
designer because the mixing in the BMZ is usually sensitive to the
discharge design conditions.

Pollutant concentration at edge of HMZ = 329.4117 PPB
Dilution at edge of HMZ - 1.7
HMZ Location: X = .60 m
(centerline coordinates) y = .00 m
z = .60 m
EMZ plume dimensions: half-width = 16 m
thickness = .60 m

FAR-FIELD MIXING SUMMARY:
Plume becomes fully vertically mixed at <6 m downstream.

et aRestteteerterewrsns TOXIC DILUTION ZONE SUMMARY oot ettt st a et adarsvaarey
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TABLE C-2  (Continued)

No TDZ was specified for this simulation.

reseevrarenrrrdnrerrass RPGULATORY MIXING ZONE SUMMARY tteevestenserentotdnnrre
No RMZ and no ambient water quality standard have been specified.

P 2 R R A X R 2 A T R e A AR 2222222222222 22 R Y L 2 R

DESIGN CASE: DYE-TEST FILE NAME: DYE]
End of session: 10-18-1991 17:31:49

CORMIX1: Submerged Single Port Discharges CU Version 1.30 (August 1991)-
XXXXAXXXX XXX XX AXXXXXAAXXXXXXXX

XXXXXXXXXXXXX XXX XXX XXX XXXXXXXXKXXXXX XXX XX XXX XX XXX,

glowmu'um
Lo stance (ft
< = 1000 ™
1
€
]
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< > 750
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-
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< 500
“ 400
Dye ~
Scale 120 -ppb Lo 300
] 200
100
Distance From 50
Right Bank (ft) . °
P 150 100 50 O -
Discharge (%) 100 80 60 40 20 :0

EIGURE C-4 DYE CONCENTRATIONS PREDICTED BY CORMIX1
PLOTTED AS A FUNCTION OF DISTANCE FROM

—RIGHT BANK IN SCHEMATIZED CHANNEL
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TABLE C-3 OUTPUT FILE FOR DETAILED CORMIX1 P'REPICTION
W

111111111111211211111211111111111111112111111121111121111111211121111111111111111

CORNELL MIXING ZONE EXPERT SYSTEM
CORMIX1: Submerged Single Port Discharges CU Version 1.30 (August 1991)

CASE DESCRIPTION

SITE NAME: SHALLOW-RIVER
DISCHARGER NAME: B-PLANT
POLLUTANT NRAME: TRACER

DESIGN CASE: DYE-TEST

DOS FILE NAME: DYE1 .CXO0

DATE AND TIME OF FORTRAN SIMULATION: 10-18-1991 17:30:57

ENVIRONMENT PARAMETERS (METRIC UNITS)
BOUNDED SECTION

BS - 50.00 &s = 30.00 QA = 23.70 |
HA - .60 EHD - .60
UA - -790 F - .084

UNIFORM DENSITYAZNVIRONHENT
REOA =  998.39 . :

DISCHARGE PARAMETERS (METRIC UNITS)

_BANK = LEPT DISTB = 20.00

D0~ = .200 A0 - .031 HO - .15

THETA = .00 SIGMA = .00

uo - 2.929 QO - .092 (Q0 = .9200E-01)

REO0 =  997.96 DRHOO = .43 GPO = ,4208B-02

co = .5600B+03 OUNITS = PPP

JLUX VARIABLES :

Qo = .9200E-01 MO = .2694E+00 J0O = .3871E-03 SIGNJO = 1.0

ASSOCIATED LENGTE SCALES (METERS)

10 - .18 1M - 19.01 Lam - .66 Lb = .00
Lmp = 99999.90 Lbp = 99999.90

NON-DIMENSIONAL PARAMETERS

FRO - 100.95 R = 3N

FLOW CLASSIFICATION .
P L T e e T R 2 et R e T L
* FLOW CLASS - B5-0 M
- APPLICABLE LAYER DEPTH BS - .60 .

A A N N N R N R N R R P R RS I S S P R T S PN T I P A A N R NN P S R R A S AN AN AN E RN I T AN SRR T RO AN

MIXING ZONE / TOXIC DILUTION / REGION OF INTEREST PARAMETERS

co = .5600E+03 CUNITS = PPB

NSTD - 0 CSTD = ,1000E+07

LEGMZ = 0 LEGSPC = 0 LEGVAL = 99999.90
XLEG - .00 WLEG. = .00 ALEG = .00
XINT - 1000.00

XMAX - 1000.00

NSTEP = 20

X-Y-Z COORDINATE SYSTEM:
ORIGIN is located at the bottom and below the center of the port:
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TABLE €-3  (Continued)
TABLE C-3 (Continued) .

20.00 m from the LEFT bank/shore.

2 . ; . . BEGIN MOD141: BUOYANT AMBIENT SPREADING
X-axis points downstream, Y-axis points to left, Z-axis points upward.
DISCHARGE IS NON-BUOYANT OR WEALY BUOYANT.
SreTm Monlo1: DIscanmer momiiE : THPREFORE BUOYANT SPREADING REGIME IS ABSENT.
c ATTAC DIATELY POLLOWING THE DISCHARGE. » END OF MOD141: BUOYANT AMBIENT SPREADING
PROFILE DEPINITIONS: . : uI
B = Gauseian 176 (37%) half-width, normal to traj BEGIN MOD161: PASSIVE AMBIENT MIXING IN UNIFORM AMBIENT
C= °°’“’-°‘11“;.°°"°‘“““+°° s : VERTICAL DIFFUSIVITY OF AMBIENT FLOW: EDIFPV = .009697 m**2/s
S = corresponding centerline dilution . : RORIZONTAL DIFFUSIVITY OF AMBIENT FLOW: EDIFFE = .024242 m**2/s
’”‘DIC}'”“ . : s c B THE PASSIVE DIFFUSION PLUME IS VERTICALLY FULLY MIXED AT BEGINNING OF REGION.
-00 .00 .00 1.0 .560B+03 .14 SIMULATION LIMIT BASED ON MAXIMUM SPECIFIED DISTANCE = 1000.00m.
END OF MOD101: DISCHARGE MODULE THIS IS THE REGION OF INTEREST LIMITATION.
PROFILE DEFINITIONS:
- BV = Gaussian s.d. (46%) thickness, measured vertically
BEGIN MOD112: WEAKLY DEFLECTED WALL JET IN CROSSLOW . - of equal to layer depth, if fully mixed
’ BH = Gaussian s.d. (46%) half-width, measured horizontally in Y-direction
CO-FLOWING OR COUNTER-FLOWING WALL JET e = conterline comcentration ‘ !
- . {lati
THIS PLOW REGION IS INSIGNIFICANT IN SPATIAL EXTENT AND WILL BE BY-PASSED. :u _°3;;::p;;m9b§:“nd:’nlri’("z’_gzi‘;diﬂu)
END OF MOD112: WEAKLY DEFLECTED WALL JET IN CROSSLOW - 3L = lower plume boundary (Z-coordinate)
PREDICTION: STAGE 1: NOT BANK ATTACHED
X Y z s c BV BE z0 L
BEGIN MOD117: STRONGLY DEFLECTED WALL JET IN CROSSFLOW " 60 200 60 1.7 .3208403 ~60 S16 “50 .00
50.57 .00 .60  22.7 .247E402 .60 2.20 .60 .00
. .0 . 0 . . . .6 .0
SPECIAL CO-FLOWING CASE: THIS FLOW REGION DOBS NOT OCCUR. igg.gi .og .23 33,2 i}i::gg .23 gﬁ ,28 o0
200.48 .00 .60  45.3 .124E+02 .60 4.39 .60 .00
250.45 .00 .60  50.6 .111E+02 .60 4.91 .60 .00
END OF MOD117: STRONGLY DEPLECTED WALL JET IR CROSSFLOW 300.42 .00 .60  55.4 .101B+02 .60 5.38 .60 .00
350.39 .00 .60  59.9 .935E401 .60 5.81 .60 .00
400.36 .00 .60  64.0 .BTS5E+01 .60 6.21 .60 .00
BEGIN MOD133: LAYER BOUNDARY IMPINGEMENT/FULL VERTICAL MIXING 450,33 ‘00 60 67.9 825401 “eo .5 ‘60 00
500.30 .00 .60  71.5 .783E+01 .60 6.94 .60 .00
PR L oS 550.27 .00 .60  75.0 .T46B+01 .60 7.28 .60 .00
s DEFINT ons: 1y =i ; 600.24 .00 .60 78.4 .715B401 .60 7.60 .60 .00
BY = layer depth (vertically mixed) 650.21 .00 .60 Bl.6 .687E+01 .60 7.92 .60 .00
BB = top-hat half-width, in horizontal plane normal to trajectory 700.18 .00 .60 84.6 .662E+01 .60 8.21 .60 “00
C = average (bulk) concentration 750.15 .00 .60  87.6 .639E401 .60 8.50 .60 .00
S = corresponding average (bulk) dilution : 800.12 .00 .60 90.5 .619E+01 .60 8.78 .60 .00
850.09 .00 .60  93.3 .600E401 .60 9.05 .60 .00
Pm“-}"“ . . s c s 900.06 .00 .60  96.0 .584E+01 .60 . 9.31 .60 .00
950.03 .00 .60  98.6 .S68E+01 .60 9.57 .60 .00
CONTROL VOLUME INFLOW SIMULATION LIMIT AS SPECIFIED HAS BEEB REACHED; PREDICTION TERMINATES
.00 .00 .00 1.0 .S60E+03 .14 AT THIS STAGE
X Y z s [ BV BR zZ0 ZL o
CONTROL VOLOME: OUTFLOS 1000.00 .00 .60 101.2 .554B+01 .60 9.82 .60 .00
.60 .00 .60 1.7 .329B+03 .60 .16 .60 .00

END OF MOD161: PASSIVE AMBIENT MIXING IN UNIFORM AMBIENT

END OF MOD133: LAYER BOUNDARY IMPINGEMENT/FULL VERTICAL MIXING

BEnd of Qutput

**+* END OF HYDRODYNAMIC MIXING ZONE (HMZ) wev

CORMIX1: Submerged Single Port Discharges ' CU Version 1.30 (August 1991)
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FIGURE C~5 COMPARISON OF DYE FIELD DATA AND CORMIX1 PREDICTIONS

&

State water quality regulations call for a demonstration of
Plume concentrations at the edge of a mixing zone that is limited
to one fourth (1/4) of the river width. Assuning an average
river width of 250 ft, this corresponds to a width limitation of
250/4 = 62 ft (= 19 m). (Note: For the schematic channel width
of 50 m this represents a 19/50 = 38 § width limitation as used
in CORMIX2.)

Obviously, a number of design solutions, with different
diffuser configurations and locations, need to be investigated.
One of several feasible solutions is presented in the following:
A 15 m (= 49 ft) long diffuser consisting of 7 nozzles is
installed in a perpendicular, coflovwing arrangement and is
centered at the 40 % cumulative discharge position. (Note: 1In
the actual coordinate position, this corresponds to a distance of
about 70 ft from the right bank; see FPilgqure ¢-1.) The nozzle
diameter is 2.5 in (= 0.0635 m).

-Cl3=-
The CORMIX2 simulation is summarized in Table -4 (data

sheet), Table C-5 (session record), and Table C-6 (detailed

output file). Inspection of the session record and detailed
results shows that the plume becomes rapidly mixed over the very
shallow water depth. Furthermore, a high initial dilution of
29.8 is attained in a short region (labelled the "acceleration
zone", MOD271) following the high velocity multiport discharge.
Figure C-6 displays the predicted plume concentrations (expressed
in ¥ of the initial concentration) within the river geometry,
using the cumulative discharge coordinates.. After the rapid
initial mixing in the near-field the plume is growing only very
slowly in the far-field (MOD261). At the 1000 ft transect, the
plume stays clear of the left bank.

(/
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FIGURE C-6 CORMIX2 PLUME PREDICTION FOR PROPOSED H‘LLTIPORT
W W
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TABLE C-4 DATA SHEET FOR SUBMERGED MULTIPORT DIFFUSER
E._IN SHALLOW RIVER

CORMIX2 — Submerged multiport diffuser d‘sscharges CORMIX2

SITE/CASE IDENTIFIER: Prepared by:
Site Name _SHALLOW - RIVER .
Discharger B-PLANT GHJ
Pollutant GESER :_ C 7 Date prepared:
Design Case LOW -FLOW - /7010
DOS FiLE NAME _UIFF] 10/18/91
AMBIENT DATA:
Bounded or unbounded? _BOUNDED
Channef width 50.0 _m
Channel depth 0.30 _m
Depth at discharge 0.30 m
Ambient flowrate BT m¥s or: Ambient velocity - m/s
Manning’'s n 0.03 or: Darcy-Weisbach f ____
Dansity data: Density units: kg/m?®
Fresh or saft water? FRESH Temperature units: C
Density or temp. values? TEMP
Average density/temp. 20.0 Density/temp. at surface -~-
Density/temp. at bottom --~
Stratification type -—=
{Pycnociine height -== m)
{Density/temp. jump --- )
DISCHARGE DATA:
Nearest bank (lefuright}? RIGHT Distance to one endpoint_12.5 m
Diffuser length 15.0 m to other endpt. ZZ g m
Total number of openings 7
Port diameter 0.0635_ 0.0635 m with contraction ratio ]

Diffuser arrangement/type U_I_D_I_RECTI ONAL
Alignment angle (GAMMA) 90 _° Horizontal angle (SIGMA) 0 °
Vertical angle (THETA) * Rel. orientation (BETA) QQ

Port height 0.09 m
Discharge flow rate 0,092 m¥/s or: Dischargevelocity ---  rm/s
Discharge density ---__kg/m® or: Discharge temp. 22.0__°C

Concentration units PERCENT
Discharge concentration 100

MIXING ZONE DATA:

is effluent toxic? NO if yes: CM.C value -
CCC value -——
is there a WQ standard for
conventional poliutant? N0 if yes: value of standard_---
Any mixing zone specified?YES . if yes: distance
or width (% or m)_38% 38%

or area (% or m?)
Region of interest 1000 m
Grid intervals for display 20

Date of data input into CORMIX2: 10/18/91
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CORNELL HIXING ZOME EXPERT S

TSTEM
CORMIX2: Submerged Multiport Diffusers EPA Varsion 1.20 (October 1991)
Start of session: 1~ 9-1992 16:52:29

I X122 222222 2 X 223 2 RAa22 2l sRadldlddl) - tRew - - -
SITE/CASE DESCRIPTION SUMMARY:

Site name SHALLOW-RIVER

Effluent discharger B-PLANT

Pollutant GENERIC

DESIGN CASE LOW~FLOW~-7Q10

FILE NAME DIFF1l
CTITTEZRZE X223 222222 2 2 A X2 X2 222222 X2 2222 2222 Z21%2)] - - -
SUMMARY OF AMBIENT CONDITIONS:
The ambient water body is bound-d.

Channel width = 50 m
Average water depth HA = .3 m
Depth at discharge HD = . 3m
Ambient velocity UA = 0.540000 m/e
Ambient flowrate QA = 8.1 m*3/s
Manning's n . = .03
The ambient is unstratified.
Ambient density RHOA = 998. 387207 ky/n‘J
FERAN AN AN RN TR OO TR AN PO NAIN AT AR TETS awwe - LA ]

SUMMARY OF DISCHARGE CONDITIONS:
The diffuser type is unLszoctLonll perpendicular.

piffuser length = 1S m

Nearest bank/shore located on right.

Diffuser endpoints YB1 = 12.5 my YB2 - 27.8m
Total number of openings NUMBER = 7 ports/noziles

Average spacing SPAC = 2.500000 =

Actual diameter = 0635 m

Effective diameter Do = 0.063500 m (with comtraction)
Port cross-sectional area A0 = 0.003167 =~2

Port height HO = . 9n

Total discharge Qo = ,092 m~3/e

Discharge velocity = 4.1499 m/s (with contraction)

The port/nozzle arrangement is unLdLroctLonn.l without fanning.

Diffuser alignment angle GAMMA = 90 deg
Vertical discharge angle THETA = 0 deg
Horizontal angle of discharge SIGMA = O deg
Relative orientation angle BETA = 90 deg
Discharge density RHOO = 997.95 kg/m~3
Effluent concentration co = 100
Concentration units = PERCENT
22212222222 222 R2Z3 R R 21X 1222221} ) oW (221222213 )

SUMMARY OF MIXING ZONE PARAMETERS
The effluent is not toxic as defined by USEPA standards.
No ambient watar quality standard has been specified.
Reqgulatory Mixing Zons (RMI) is specified by width.
Mixing zone extent = 19 (m if length or width or m~2 if area).
Region Of Interest (ROI) is specified by downstream distance.
XINT = 1000 m froa discharge point
Number of intervals for prediction display = 20

P T R L 2 L R R L e L P Y P e T e I LI L Lt DAL e Ll d g

RN AL S AN IR AC A A NN RANC AR ES O S L2217 L 2] SR SRR RN SN NREPEAN N CEN R AN AN S S

Program Element PARAM: Design Case: LOR-YLOW-7Ql0
Relative density differences between discharge and ambient:
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IABLE C~5  (Continued)

The effluent density ( 997.95 kg/m~3) is less than the surround
ambient water density at the dischargs level (998.387207 kg/m~3y.
Therwfore, the effluent is positively buoyant and will tend to rise towards
the surface.

Flow bulk parametaers:

({Bulk variables are defined on a 2~D basis, i.e. per unit diffuser length)
Ambient momentum flux ma = 0.087480 m~3/s8~2
Discharge volume flux q0 = 0.006133 m~2/s
Discharge momentum flux w0 = 0.025451 m~3/8~2

This flux has a net component in the discharge direction (orientation of

porte/nozzles).
Discharge buoyancy flux 30 = 0.000026 m~3/8-3
Flow length scales:

(Length scales are defined on a 2-D basis, i.e. per unit diffuser length)

Jet crossflow length scale lm = 0.087281 m
Discharge langth scale 1lq = 0.001478 m
Jet to plume transition length scale 1M = 28.854139 m

Non—dimensional parameters:

Slot densimetric Froude number FRO = 1647.287476

CORMIX2 uses the equivalent two-dimensicnal slot diffuser concept
to represent the actual three~dimensional diffuser. Thus, CORMIX2
aimplifies the details of the merging processes of ths actual diffuser.

Equivalent slot width BO = 0.001478 (m)

Port/nozzle densimetric Froude number FRDO = 251.315765

Jet /Crossflow velocity ratio . R = 7.684999

LA 2 A A Al eIl T T I I T T T T T Y ) - e L] s A A2 1R 2]l
AARA S 2 R L2 TR 22T T T T Y T P TNy L - - L2122 213

Program Elewent CLASS: Design Case: LOW-FLOW-7Ql0

The near field flow configuration will have the following features:

The discharge near-field behavior is dominated by either the positive
bucyancy of the discharge or the upward vertical orientation of the
discharge port.

The following conclusion on the flow configuration applies to a layer
corresponding to the full water depth at the discharge site:

Plow class MU2
Applicable layer depth ES = .3 m

NOTE ON THE APPLICABILITY OF CORMIX2:

The spacing between adjacent nozzles/porte/risers is sowewhat greater than
tha discharge water depth. In fact, the spacing falls into the range
between three times to ten times the discharge depth.

It is unlikely that sufficient lateral interaction of adjacent jets will
occur in the near-field. However, the individual jets/plumes may merge
®oon after in the intermediate-field or in the far-field.

CORMIX2 may have limited applicability for this discharge situation.
The results way be somewhat unrealistic in the near-field (minimum
dilution may be overpredicted), but appear to be applicable for the
intermediate-~ and far-field processes.

-C17-
. TABLE C=5  (Continued)

The user is advised to proceed with the present CORMIX2 analysis, but
should use a subsequent CORMIX1 (single port discharge) analysis, using
discharge data for an individual diffuser jet/plume, in order to compare
to the near field prediction.

RGN ELTTARNSRRARRARNE RS

CEAN NS RN AN ARG SR NSRS D arseevanes

LA LI A T T R R R R e e L e I T e e e LI e e Ty

Program Elemant SUM: Design Casa: LOW-FLOW-7Q10

X-Y-Z Coordinate system:
Origin is located at tha bottom and diffuser mid-point:
20 m from the right bank/shore.

HYDRODYNAMIC MIXING ZONE (HMZ) CONDITIONS :

Rote: The HMZ is the zone of strong initial mixing. It has no legal
implication. However, this information may be useful for the discharge
designer because the mixing in the HMZ is usually eensitive to the
discharge design conditions.

Pollutant concentration at edge of HMZ = 3.353781 PERCENT
Dilution at edge of HMZ C o= .8
HNI Location: X = 7.50 m
(centerline coordinates) Y- 0.00 m
z - 0.30 m
BEMZ plume dimensions: half-width = 8.46 m
. thickness = 0.30 m
FAR-FIELD MIXING SUMMARY:
Plume bscomes fully vertically mixed at 7.5 m downstream.

CEERE P ARG R ERTRONC Y sesr FOXIC DILUTION ZONE SUMMARY resdnessnsransnansnsradtde
Ko IDZ was specified for this simulation.

PEROE R AT R AN AND RN EY mm! uxINc zm sm! I 223222122222 12 22 X2X21 2222
The plume conditions at the boundary of the specified RMZ are as follows:
Pollutant concentration - 2.988999 PERCENT

Corresponding dilution - 33.4
Plume location: x = 350.74 =
{(centerline coordinates) y= 0.00 m

z = 0.30m

Plume dimensions: half-width = 9.50 m
thickness = 0.30 m

LA Al i T2l s] IINAL msm ON upLImILIn or mmxz L2322 222222322222l )

The diffuser discharge situation computed above is characterized by FAIRLY
LARGE SPACING between adjacent risers/ports/nozzles, in the range between
three to ten water depths.

It is unlikely that sufficient lateral interaction of adjacent jets will
occur in the near—~field. This is hat 1 i with the assumption
of CORMIX2 of a laterally fully merged diffuser plume.

Thus, CORMIX2 may have limited applicability for this discharge situation.
The results may be somewvhat unrealistic in the near-field (minimum
dilution may be overpredicted), but should be well applicable for the
intermediate- and far-field processes.

A subsequent CORMIX1 (single port discharge) analysis is reccmmended, using
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TABLE C-5 (Continued) TABLE C-6 OUTPUT FILE FOR DETAILED CORMIX2 PREDICTION
2) W
discharge data for an individual jet/plums, in order to compare to the -
above near-field results. 222222222222222222222222222222222222222222222222222222222222222222222222222222
PSRN RNET I NN ERARCENSRSNSI TR rawnew ronTane rensane CORNELL MIXING TONE EXPERT SYSTEM
DESIGN CASE: LOW-FLOW-7Q10 PILE NAME: DIFFlL CORMIX2: Submerged Multipert Diffusers EPA Version 1.20 (October 1991)
End of session: 1- 9-1992 17: 3: 9
CORMIX2: Suhlurqod Multiport Diffusers EPA Version 1.20 (October 1991)

0900000000040 500000600000004

CASE DESCRIPTION

. SITE NAME: SHALLOW-RIVER
. : DISCHARGER NAME: B~PLANT
’ POLLUTANT NAME: GENERIC
’ DESIGN CASE: LOW-FLOW-7Q10
DOS FILE KAME: DIFF1l .CXO

DATE AND TIME OF FORTRAN SIMULATION: 1« 9-1992_17: 0:33

ENVIRONMENT PARAMETERS (METRIC UNITS)
BOUNDED SECTION

BS - 50.00 AsS - 15.00 QA - 8.10 :
HA - 0.30 HD - a.30
UA = 0.540 F - 0.105

UNIFORM DENSITY ENVIRONMENT
RHOA = 998.39

DIFFPUSER DISCHARGE PARAMETERS (METRIC UNITS)
DITYPE = unidirectional perpendicular
BETYPE = unidirectional without_fanning

BANK = RIGHT DISTE = 20.00 YBlL =  -12.50 ¥YB2 =  -27.50
b - 15.00 NOPEN = 7 SPAC = 2.50
5o - 0.064 AO - 0.003 HO - 0.09
GAMMA = 90.00 TEETAO = 0.00
SIGMA = 0.00 BETA = 90.00
(ALPHA = 0.00 DELTA = 0.00)
vo - 4.150 Q0 - 0.092 (Q0  =0.9200E-01)
RHOO = 997.95 DREOO = 0.44 GPO  =0.4294E-02
co =0.1000E+03 UNITS = PERCENT
FLUX VARIABLES - PER UNIT DIPFUSER LENGTH
=0.6133E-02 mO *0.25452-01 30 =0.2600E-04 SIGNJO = 1.
ASSOCIATED 2-D LENGTH SCALES (METERS)
1qg=B = 0.001 1x - 28.85 lm = 0.09
lmp = 99999.90 1lbp = 99999.90 la = 99999.90
FLUX VARIABLES - ENTIRE DIFFUSER
=0.9200E-01 MO =0.3818E+00 JO =0.39002-03
ASSOCIATED 3-D LENGTH SCALES (METERS)
1q - 0.15 LM - 24.44 Ia = 1.14 1b - 0.00

Lmp = 99999.90 Lbp = 99999.90

NON-DIMENSIONAL PARAMETERS
FRO - 1647.29 FRDO - 251.32 R - 7.68
(SLOT) {PORT/NOZZLE)

FLOW CLASSIFICATION
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- FLOW CLASS = NU2 .
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TABLE C-6 ( cantinuegl)

- APPLICABLE LAYER DEPTH HS = 0.30 "
".."...".'..""...'.....'."'.".'."". - - i 1] - L 2 2 2]
MIXING ZONE / TOXIC DILUTION / REGION OF INTEREST PARAMETERS

co =0.1000E+03 CUNITS = PERCENT

NSTD = © CSTD  =0.1000E+07

IEGMZ = 1 LEGSPC = 2 LEGVAL = 19.00

XEG = 0.00 WLEG = 19.00 ALEG = - 0.00

XINT = 1000.00 .

XMAX =  1000.00

NSTEP = 20

X~¥~Z COORDINATE SYSTEM:
ORIGIN is located at the bottom and the diffuser mid-point:
-20.00 m from the RIGHT bank/shore.
X-axis points downstream, Y-axis points to left, Z-axis points upward.
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TASBLE C-6 (Continued)

4.12 0.00 0.30 29.8 0.335E+01 0.30 6.84
4.50 0.00 0.30 29.8 0.335E+01 0.30 6.82
4.87 0.00 0.30 29.8 0.3352+01 0.30 6.80
§.25 0.00 0.30 29.8 0.335E+01 0.30 6.78
5.62 0.00 0.30 29.8 0.335E+01 0.30 6.76
6.00 0.00 0.30 29.8 0.335x+01 0.30 6.75
6.37 0.00 0.30 29.8 0.335E+01 0.30 6.74
6.75 0.00 0.30 29.8 0.335E+01 0.30 6.74
7.12 0.00 0.30 29.8 0.335R+01 0.30 6.74
7.50 0.00 0.30 29.8 0.3352+01 0.30 6.73

END OF MOD271: ACCELERATION ZONE OF UNIDIRECTIONAL CO-FLOWING DIFFUSER

BEGIN MOD20l: DISCHARGE MODULE

PROFILE DEFINITIONS:
BV = Gaussian l/e (37%) half-width, in vertical plans normal to trajectory
BH = top-hat half-width, in horizontal Plane normal to trajectory
C= terline ation
S = corresponding centerline dilution

PREDICTION

X Y 4 S c BV

0.00 0.00 0.09 1.0 0.100E+03 0.00 7.50
END OF MOD201: DISCHARGE MODULE

BEGIN MOD2S1: DIFFUSER PLUME IN CO-FLOW
PHASE 1: VERTICALLY MIXED, PHBASE 2: RE-STRATIFIED

PHASE 1: THE DIFFUSER PLUME IS VERTICALLY FULLY MIXED OVER THE

ENTIRE LAYER DEPTH.
THIS FLOW REGION IS INSIGNIFICANT IN SPATIAL EXTENT AND WILL BE BY-PASSED.
END OF PHASE 1

BEGIN MOD271: ACCELERATION ZONE OF UNIDIRECTIONAL CO~FLOWING DIFFUSER

IN THIS IONE THE DIFFUSER PLUME BECOMES VERTICALLY FULLY MIXED
OVER THE ENTIRE LAYER DEPTH (HS = 0.30m). -
FULL MIXING IS ACHIEVED AFTER A PLUME DISTANCE OF ABOUT FIVE
LAYER DEPTHS FROX THE DIFFUSER.

PROFILE DEPINITIONS:
BV = layer depth (vertically mixed)
BH = top-hat half-width, in horizontal plans normal to trajectory
C = average (bulk) concentration
S = corresponding average (bulk) dilution

PREDICTION
P 4 Y s c BV BH
0.00 0.00 0.30 1.0 0.100E+03 0.30 7.50
0.37 0.00 0.30 29.8 0.335E+01 0.30 7.39
0.75 0.00 0.30 29.8 0.335E+01 0.30 7.30
1.12 0.00 0.30 29.8 0.33SE+01 0.30 7.22
1.50 0.00 0.30 29.8 0.335E+01 0.30 7.15
1.87 0.00 0.30 29.8 0.335E+01 0.30 7.09
2.25 0.00 0.30 29.8 0.335E+01 0.30 7.04
2.62 0.00 0.30 29.8 0.335E+01 0.30 6.99
3.00 0.00 0.30 29.8 0.3352+01 0.30 6.95
3.37 0.00 0.30 29.8 0.335E+01 0.30 6.91
3.75 0.00 0.30 29.8 0.335E+01 0.30 6.87

PHASE 2: THE FLOW HAS RESTRATIFIED AT THE BREGINNING OF THIS ZONE
THIS FLOW REGION IS INSIGNIFICANT IN SPATIAL EXTENRT AND WILL BE BY-PASSED.

END OF MOD251: DIFFUSER PLUME IN CO-FLOW

*#* END OF HYDRODYNAMIC MIXING ZONE (HMZ) ===

THE WIDTH PREDICTIONS IN THE FOLLOWING MODULE WILL BE ADJUSTED BY A FACTGR
OF 1.26 IN ORDER TO SATISFY MASS FLUX CONSERVATION IN THE FAR-FIELD.

BEGIN MOD24l: BUOYANT AMBIENT SPREADIEG

DISCHARGE IS NON-BUOYANT OR WEAKLY BUOYANT.
THEREFORE BUOYANT SPREADING REGIME IS ABSENT.

END OF MOD241: BUOYANT AMBIENT SPREADING

BEGIN MOD261: PASSIVE AMBIENT MIXING IN UNIFORM AMBIENRT

VERTICAL DIFFUSIVITY OF AMBIENT FLOW: EDIFYV = 0.003720 m**2/s
HORIZONTAL DIFFUSIVITY OF AMBIENT FLOW: EDIFFH = 0.009299 m**2/g

SIMULATION LIMIT BASED ON MAXIMUM SPECIFIED DISTANCE = 1000.00 m
THIS IS THE REGION OF INTEREST LIMITATION.

PROFILE DEFINITIONS:
BV = Gaussian s.d. (46%) thickness, measured vertically
= or equal to layer depth, if fully mixed
BE = Gnu-?:ln s.d. (46%) halé-uidth, measured horizontally in y-direction
C = centerline concentration




-C22~
IABLE C-6 (Continued)

§ = caorresponding centerline dilution
I0 = upp Plune b dary (IZ-coordinate)
IL = lower plume boundary (Z-coordinate)

PREDICTION: STAGE 1: ROT BANK ATTACHED
X Y z S c BV BH Iu L
PLUME INTERACTS WITH SURFACE
THE PASSIVE DIFFUSION PLUME BECOMES VERTICALLY FULLY MIXED WITHIN THIS
PREDICTION INTERVAL.

7.50 0.00 0.30 29.8 0.335E+01 0.30 8.47 0.30 0.00
57.12 0.00 0.30 30.4 0.329E+01 0.30 8.62 0.30 0.00
106.75 0.00 0.30 30.9 0.323p+01 0.30 8.78 0.30 0.00
156.37 0.00 0.30 31.4 0.3182+01 0.30 8.93 0.30 0.00
206.00 0.00 0.30 32.0 0.313E+01 0.30 9.08 0.30 0.00
255.62 0.00 0.30 32.5 0.308E+01 0.30 9.23 0.30 0.00
30S5.25 0.00 0.30 33.0 0.303E+01 0.30 9.37 0.30 0.00

** REGULATORY MIXING ZONE BOUNDARY @*

IN TH1S PREDICTION INTERVAL THE PLUME WIDTH MEETS OR EXCEEDS
THE REGULATORY VALUZ = 19.00 m
THIS IS THE EXTENT OF THE REGULATORY MIXING ZONE.

354.87 0.00 0.30 33.5 0.299E+01 0.30 9.51 0.30 0.00
404.50 0.00 0.30 34.0 0.294E+01 0.30 9.65 0.30 0.00
454.12 0.00 0.30 34.5 0.290E+01 0.30 9.79 0.30 0.00
$03.75 0.00 0.30 35.0 0.286E+01 0.30 9.93 0.30 0.00
553.37 0.00 0.30 35.4 0.282E+01 0.30 10.06 0.30 0.00
603.00 0.00 0.30 35.9 0.279E+01 0.30 10.19 0.30 0.00
652.62 0.00 0.30 36.4 0.275E+01 0.30 10.32 0.30 0.00
702.28 0.00 0.30 36.8 0.272E+01 0.30 10.45 0.30 0.00
751.87 0.00 0.30 37.3 0.268E+01 0.30 10.58 0.30 0.00
801.50 0.00 0.30 37.7 0.265E+01 0.30 10.71 0.30 0.00
851.12 0.00 0.30 38.1 0.262E+01 0.30 10.83 0.30 0.00
900.75 0.00 0.30 38.6 0.259E+01 0.30 10.95 0.30 0.00
950.37 0.00 0.30 39.0 0.2%56E+01 0.30 11.08 0.30 0.00

SIMULATION LIMIT AS SPECIFIED HAS BEEN REACHED; PREDICTION TERMINATES
AT THIS STAGE.
1000.00 0.00 0.30 39.4 0.254p+01 0.30 11.20 0.30 0.00

END OF MOD261: PASSIVE AMBIENT MIXING IN UNIFORM AMBIENT

BECAUSE OF THE FAIRLY LARGE SPACIKG BETWEEN ADJACENT RISERS /NOZILES/PORTS,
THE ABOVE RESULTS MAY BE UNRELABLE IN THE IMMEDIATE NEAR-FIELD OF
THE DIFFUSER.

A SUBSEQUENT APPLICATION OF CORMIX! IS RECOMMENDED TO PROVIDE MORE DETAIL
FOR ONE OF THE INDIVIDUAL JETS/PLUMES IN THE INITIAL REGION

BEYORE NERGING.

End of Output
CORMIX2: Submerged Multiport Diffusers EPA Version 1.20 (October 1991)
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With regards to the regulatory n;xinq zone (RMZ), the
prediction results indicate that it will be encountered at a
considerable distance downstream, at about 305 m (= 1000+ ft),
i.e. outside the region plotted in Fiqure ¢-6. The dilution at
that location is 33.0, corresponding to a local centerline
concentration value of 3.0 %.

Finally, it is illuminating to compare the performance of
the proposed multiport diffuser design with the existing single
port situation, both under 7Q10 low flow. This is done in
Figqure C-7 by plotting the plume centerline concenttgtion. .
(Note: The data sheet, session record, and output file for this
CORMIX1 application are omitted for space reasons.) Clearly, the
multiport design achieves much more rapid initial mnixing by .
capturing more of the ambient entrainment flov as the diffuser is
spread over portion of the river width. Fiqure C-7 also includes
an additional CORMIX1 prediction for a single plume out of the
7-nozzle arrangement to provide more detail in t@e near-field;
the user has been prompted by several messages within CORMIX2 to
perform this additional prediction.

CORMIX2 Prediction for

A Proposed 7-Nozzle Multiport
204, Ditfuser
i - —-~CORMIX1 Prediction for Plume
11 From One Nozzie of Multiport
Diffuser
Plume 18 —— = -CORMIX1 Prediction for Existing
Centerline Singie Port Discharge
Concentration \
(%) 10 Ny
~
\\
sP. T ————
\,
[+} + 4
— 200 400 600 600 1000
Zone of Distance
Merging Alor;z)Plume

Note: The rations sh assume that the chemical‘'s ambient
receiving water concentration is zero. If the ambient concentra-
tion is greater than zero, the in-stream concentrations are calecu~
lated by adding the ambient concentration to the diluted discharge
concentrations depicted in this figure.

FIGURE C-7 PREDICTED PLUME CENTERLINE CONCENTRATIONS
UNDER 7Q10 LOW FLOW IN SHALLOW RIVER:
COMPARISON OF SINGLE PORT (CORMIX1) AND

—MULTIPORT DIFFUSER (CORMIX2) DESIGNS




Estuarine conditions are characterized by highly variable
ambient conditions during the tidal cycle. This case study
provides a short application example for a buoyant surface
discharge from a large manufacturing plant discharging its
process water into an estuary.

D.1 Problem Statement

A manufacturing plant (C-Plant) is discharging process water
at a volumetric rate of 2.2 »’/s (= 50 mgd). The process water
is essentially fresh water with a discharge temperature of
20.0 °C and it contains copper at a concentration of 80 pg/L.

The plant is located at the shore of an estuary. Fiqure D-1
shows the bottom bathymetry near the plant location; two tran-
sects have been measured and both show a relatively rapid drop-
off from the MSL line to a depth of about 5 m below MSL. It is
proposed to build a discharge channel with a bottom elevation of
about 1.0 m below MSL and a width of 2.0 m. Thus, given the
tidal variation indicated in Fjgqure D-1, the actual channel depth
will vary from a maximum of about 2.0 m at MHW to a minimum of
about 0.25 m at MLW, with corresponding adjustments in the
discharge velocity.

Dist. Design Tida! Level
From TR T s = === MHW
MsSL 0t ks Skl Ttttk MSL
(m) nﬂi&wﬂh 128|m ~ X MLW
Bottom of €.0m Actual Otfshore Topography
Discharge Transect | / Transect {i
Channe} 3
© CORMIX3 X==~=—== it
Schernla!mﬂon , N .
100 200 = 300 Distance
Offshore
(m)

FIGURE D-1 BATHYMETRIC CONDITIONS IN ESTUARY
c o

shows data from oceancgraphic field surveys near
the discharge site with velocity variations from about +0.7 m/s
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FIGURE D-2  OCEANOGRAPHIC DATA FOR ESTUARINE SITE

for flood tide and to about ~0.7 m/s for ebb Fide. The estuary
contains 20 °C brackish water with mean salinity of about 26 ppt,
yielding a density of about 1018 kg/m’ (see Ficure 10 as an aid).

State requlations specify a mixing zone of about 300 m
extending in any direction from the discharge point. The CMC and
CCC values for copper are 25 and 15 ug/L, respectively.

D.2 CORMIX3 Application

It is to be expected that the surface discharge plume for
this situation will be quite variable in appearance and mixing
characteristics since both ambient velocity conqitlons change
and, perhaps more importantly, the discharge exit velocity wx}l
vary greatly depending on tidal stage. Clearly, several.appllca-
tions of CORMIX3 should be performed to assess the behavior at
different stages in the tidal cycle. (Note: Some suqqest%ons on
how to combine these individual steady~state plume predictions
toward a complete description of the actual unsteady plume
behavior can be found in the USEPA Technical Guidance Manual
(13). A complete theoretical framework for ungteady plume
behavior in tidal situations is presently lacking, however.)

The plume condition with low discharge velgcity that will
prevail during the high flood stage may be considered as most
critical in its environmental impact since it may be as§ociated
with high concentration levels due to poor mixing and with shore-
line contact. For this reason, a CORMIX3 simulation for an aver-
age flood tide condition is performed first and presented here.

-D3~

EFigure D-2 shows the design condition with a water level of 0.5 m
above MSL and flood velocity of about 0.5 n/s.

As shown in Figure D-1, the ambient water body is schem-
atized as unbounded with an average depth of 6 m for this tidal
stage. The conditions in front of the discharge channel are
described by a local depth of 2.5 m and a bottom slope of 11 °,
All input data have been prepared in the data sheet (Table D-1).

The results of the CORMIX3 session are summarized in the
session record (Table D-2) and in the detailed output file
(Iable D-3); plume conditions are plotted in Fiqure D-3. The
results show that the weak plume, with its low exit velocity and
high discharge buoyancy, becomes rapidly deflected by the large
tidal current. A deflected jet-like stage (MOD321) is followed
by the deflected plume stage (MOD323) . During the latter stage,
the plume already experiences shoreline interaction as the user
is informed in a special message. At about 45 m downstream, the
now shoreline-attached plume undergoes a lateral spreading motion
where its width increases while the plume becomes thinner with
little additional mixing in this stage (MOD341).

The concentration drop-off along the plume centerline is
also shown on Fiqure D-3. The CMC condition is quickly met and
satisfies all three applicable TDZ criteria. However, the
limited mixing in the far-field does not satisfy the ccc
condition within the RMZ defined by a distance of 300 m. In
fact, that condition is encountered only at a somewhat larger
distance of 457 m as indicated in the Table D-2 summary.

Offshore
Distance y (m)

ey

100
Fl RMZ
-°°d Bouyant Spreading
Tide Plume MOD 341
05 m/s Deflected Boundary \
- Plume 9
MOD
Deflected Jet
-+ MOD 321
e \V//H.’ I“ AN ~ zm\ Eaaald 3m“;
Dlschnrger Shoreline Shoreline Distance
Channel Contact Alongshore x(m)
100
Concentration
opb Discharge RAMZ
so-HcMc
\d -l
b U R
0 e ———t + . ; ——
' 100 200 300 x{m)

FIGURE D-3 BUOYANT SURFACE DISCHARGE PLUME BEHAVIOR
—PREDICTED BY CORMIXJ IN ESTUARY
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TABLE D-1  DATA SHEET FOR BOUYANT SURFACE DISCHARC. _IN ESTUARY .

®
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CORMIX3 — Buoyant surface discharges — CORMIX3

SITE/CASE IDENTIFIER: Prepared by:
Site Name ESTUARY
Discharger C-PLANT GHJ
Potiutant COPPER Date prepared:
Design Case FLOOD-TIDE
DOS FILE NAME FLOOD1 10/28/91
AMBIENT DATA:
Bounded or unbounded? _UNBOUNDED
Channel width m
Channel depth m
Ambient flowrate m’s or: Ambient velocity 0.5 mis
Manning’s n ~-= ‘or: Darcy-Weisbach f  0.025

Density data:
Fresh or salt water?

Average density

SALT

Density or temp. values? _DENSITY

1018.0 kg/m® or: Average Temperature ---  °C

DISCHARGE DATA:
Discharge located on
Discharge configuration

Depth at discharge

Discharge flowrate
Discharge density
Concentration units

Sosatright” bank?
_FLUSH _(flush, protruding, or coflowing)

Horizontal angle (SIGMA}_90 ° If protruding:

5 m Distance from bank e 1

Bottom slope (THETAB) : 1.0

H rectangular cross-section:
Discharge channel width _2.0 m Outlet pipe diameter --- m
Discharge channel depth _J .5 m

If circular cross-section:

_2.2 __mds or: Discharge velocity === ms
=== * kg/m® or: Discharge temp. . o
MUG-P-L —

Discharge concentration 0
MIXING ZONE DATA:

Is efflyent toxic? YES If yes: CMC value 25.0
CCC value 15.0

Is there 2 WQ standard for

conventional pollutant? _NO If yes: value of standard —--

Any mixing zone specified? YES If yes: distance 300 m
or width {% or m)
or area (% or m?)

Region of interest 1000 m

Grid intervals for display _ 10

Date of data input into CORMIX3:  10/28/91

wD5=
IABLE D-2  CORMIXJ SESSION RECORD FPOR ESTUARY

XXXAXAXXXXAXXXXLXAXXXXXXXXAXXXX XX XXX XXX XXX XA XX XXX AKX XXX AXTX XXX X XXX XXX XXX XXX XXX
CORNELL MIXING 2ONE BEXPERT SYSTEM

CORMIX3: Buoyant Surface Discharges CU Version 1.10 (August 1991)

Start of session: 10-28-1991 15:50:17

AR X2 A I A L R e e e R S 2 L R A A TR R 2 2R R L L L 2L 22 2 R R T R T Y TR Y e

SITE/CASE DESCRIPTION SUMMARY:

Site pame = ESTUARY

Effluent discharger = C~PLANT

Pollutant = COPPER -
DESIGN CASE = FLOOD-TIDE

FILE NAME = FLOOD1

[T T 22 LTI TR SRR R IS R 2T S A T A 2L TR L T R L 22 DL 2 T Y T T Y

SUMMARY OF AMBIENT CONDITIONS:
The ambient water body is bounded.

Average water depth BA = 6.0 m
Ambient velocity UA = 0.5 m/s
Darcy-Weisbach £ F = 0.025

Ambient density RHOA = 1018.0 kg/m"3

LT 22222 22 I A L 2 R e R T I 2 R A A D T A L2222 2 T 2L AL 2 2 2 2 L )

SUMMARY OF DISCHARGE CONDITIONS:

The discharge configuration is: £lush discharge.

Discharge located on right bank/shoreline.
Discharge angle SIGMA = 90 deg
Depth at discharge HD =2.5m
Bottom slope at discharge THETAB= 11.0 deg
Discharge cross-section area A0 = 3 m"2
Discharge aspect ratio AR = 0.750000
Discharge flowrate Q0 = 2.2 m*3/s
Discharge velocity uo = 0.733333 m/s
Discharge density RHOO = 998.387207 kg/m"]
Effluent concentration co = 80.0 MUG~-P-L

L2 2 24 * L 2 ) EZ 22222222222 2222222222222 2222222222222 212sd 2

SUMMARY OF MIXING ZONE PARAMETERS:

The effluent is toxic as defined by USEPA standards.
The discharge is subject to Toxic Dilution Zone (TDZ) restrictioas.
CMC = 25.0 MUG-P-L .
CCC = 15.0 MUG-P-L

Regqulatory Mixing Zone (RMZ) is specified by distance.
Mixing zone extent = 300 (m if length or width or m"2 if area).
Region Of Interest (ROI) is specified by downstream dilunce.v
ROI = 1000 m from discharge point

Number of intervals for prediction display = 10

P22 L I e e T A R R 2 R R S 2 22T 2 222 22 22 222 222 22 g g h g

Program Element PARAM: Design Case: FLOOD-TIDE

The effluent density (998.387207 kg/m"3) vis less than the surrounding
ambient water density (1018.0 kg/m"3}.
Therefore, the effluent is positively buoyant.

Plow bulk parameters:
Discharge volume flux Qo0 = 2.199999 m"3/s
Discharge momentum flux MO = 1.613332 m"4/8"2
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v IABLE D=2  (Continued)
TABLE D-2  (Continued)
. Plume does not contact the far bank in the simulation.
Discharge buoyancy flux : Jo = 0.415657 m“4/8"3

Reduced gravitational acceleration GP0 = 0.188935 mn/s~2

Non-dimensional parameters:
Velocity ratio R = 1.466666
Densimetric Froude number FRO = 1.281931 (based on LQ)
Channel densimetric Froude number FRCH = 1.377525 (based on outlet
channel depth)

Flow lenéth scales:

Discharge length scale IQ =1.732051 a .
Jet to crossflow length scale Lm = 2.540340 m
Plume to crossflow length scale Lb = 3,325254 o
Jet to plume transition length scale LM = 2.220369 m

LRI E R A R R R L e R e R e S L e i a2 222212

Program Element CLASS: Design Case: FLOOD~TIDE
The near field flow configuration will have the following features:

The discharge is jet-like.

The discharge orientation is crossflowing.

The flow is a free jet, unattached to the shoreline.
The ambient is deep.

-, +

Flow class . FJ2 .
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Program Element SUM: ’ Design Case: FLOOD-TIDE

X~Y Coordinate system:
origin is located at the water surface in center of discharge channel/outlet:
0.0 m from the right bank/shore.
X-axis points in downstream direction
Y-axis points to the left, as seen by an observer looking downstream

(222122222 22222224 mRoDmIc cmssIFIcATIoN m sImTIo“ 12122222 242222222 J
Flow Class = FJ2

HYDRODYNAMIC MIXING ZONE (HMZ) CONDITIONS :

Note: The HMZ is the zone of strong initial mixing. It has no legal
implication. However, this information may be useful for the discharge
designer because the mixing in the EMZ is usually sensitive to the
discharge design conditions.

Pollutant conceuntration at edée of HMZ = 18.36 MUG-P~L
Dilution at edge of HMZ ’ = 4.35
Plume Location: - X = 45.07 m
(centerline coordinates) y = 10.52 m
Plume Dimensions: half-width = 23.10 m
thickness = 4l m

PLUME BANK CONTACT SUMMARY:
Plume is in contact with the nearest bank throughout simulation.

**WARNING*+

Shore line interaction occurs in the near-field. Prediction values may
not be accurate.

tHveaNR e nsrardrrnsvenn DPOXIC DILUTION ZONE SUMMARY *rerevennvevervonsneneny
Recall: The TDZ corresponds to the three (3) criteria issued in the USEPA

Technical Support Document (TSD) for Water Quality-based Toxics C
1991 (EPA/S505/2-90-001). ¥ # Gontrel,

Criterion maximum concentration (CMC) = 25.0 MUG-P-L
Corresponding dilution = .
Plume Location: x = 18.13 m
(centerline coordinates) y = 6.56 m
Plume Dimensions: plume half-width = 6.77 m
plume thickness = 1.0 .m

Criterion 1: This location is within 50 times the discharge length scale of
IQ = 1.7 m.
++++++ The discharge length scale test for the TDZ has been SATISFIED. +4+++

Criterion 2: This location is within 5 times the ambient water depth
BA = 6.00 m,
++++++++4++ The ambient depth test for the TDZ has been SATISFIED.-+dtitiictt

Criterion 3: This location is within one tenth the distance of the extent
of the regulatory mixing zone of 300.00 m downstream.
++++ The regulatory mixing zone test for the TDZ has been SATISFIED. 4+t

*** All three CMC criteria for the TDZ are SATISFIED for this discharge *w»

The discharge velocity is equal to .7 m/s.
This is less than the minimum of 3.0 m/s recommended in the TSD.
++++ The discharge velocity recommendation for the TDZ has NOT been met.++++

LAAE AL A AL 22T 2 REGULATORY MIXING ZONE SUMMARY rrevsresestonsaventrtrse
The plume conditions at the boundary of the specified RMZ are as follows:

Pollutant concentration - 15.81 MUG-P~L
Corresponding dilution - 5.06
Plume location: X = 300.00 m
(centerline coordinates) y = .00 m
Plume dimensions: half-width = 61.40 m
thickness = .36 m

However, the CCC for the toxic pollutant has not been met within the RMZ.
In particular:

The CCC was encountered at the following plume position:

cce = 15.000000 MUG-P-L

Corresponding dilution - 5.3

Plume location: X = 457.641600 m
(centerline coordinates) y = 000000 m

Plume dimensions: half-width = 75.722640 m
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IABLE D-2  (Continued) ‘ :

thickness = .310520 m

PET T 22 2 A R R R L A A R R S R 2R A R R A 2 A L R T L 2 T L R

DESIGN CASE: FLOOD-TIDE
FILE NAME: FLOOD1
End of session: 10-28-1991 15:56:29 X
CORMIX3: Buoyant Surface Discharges CU Version 1.10 (August 1991)

XEXXXXXAXAXXX XX XXX XXX XX XXX XXXXXXX XXX XXX XXX XXX XXXXX XX XXXX XX XXX XXAXX XX KX XXX XXX XX
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TABLE D-3 OUTPUT FILE FOR DETAILED CORMIX3 PREDICTION
FOR ESTUARY

33333333333333333333333333333333333333333333333333333333333333333333333333333333

CORNELL MIXING ZONE EXPERT SYSTEM .
CORMIX3: Buoyant Surface Discharges CU Version 1.10 (August 1991)

SIMULATION / CASE DESCRIPTION
SITE NAME: ESTUARY
DISCHARGER NAME: C-PLANT
POLLUTANT NAME: COPPER

DESIGN CASE: FLOOD-TIDE
DOS FILE NAME: FLOOD1 .CXO
DATE AND TIME OF FORTRAN SIMULATION: 10-28-1991 15:33:26

ENVIRONMENT PARAMETERS (METRIC UNITS)

UNBOUNDED SECTION

HA = 6.00 BD = 2.50 |
UA = .50 F = .028

REOA = 1018.00

DISCHARGE PARAMETERS (METRIC UNITS)
BANK

- DISTB = .00
RECTANGULAR DISCHARGE
BO - 2.000 HO = 1.500 AO = 3.000
SIGMA = 90.00 THETAB = 11.00
uo = .733 Q0 = 2.200 (QO = ,2200E+01)
RBOO - 998.39 DRHOO = 19.61 GPO = . 1889E+00
co = .8000E+02 UNITS = MUG-P-L
FLUX PARMMETERS (METRIC UNITS)
Qo0 = .2200E+01 MO = ,1613E+01 J0 = .4157E+00
ASSOCIATED LENGTH SCALES (METERS)
1Q - 1.73 LM = 2.22 Lam - 2.54 Lb - 3.33
1Q2Dp - .00 LM2D = .00 ILm2D - .00
NON-DIMENSIONAL PARAMETERS
FRO - 1.28 R - 1.47

FLOW CLASSIFICATION

AR AR AR A d el el ided Ry T I T T Y222 2 2 ]

- FLOW CLASS - FJ2 *

LA R AR RS 222 R R gyl L e R R T T R PP T Y

MIXING ZONE / TOXIC DILUTION / REGION OF INTEREST PARAMETERS
co .B000E+02 UNITS = MUG-P-L
1

NTOX - CcMC = ,2500E+02 cCCC = CSTD
XMAX = 1000.00

LEGMZ =1 LEGSPC = 1 LEGVAL = 300.00
XLEG - 300.00 WLEG = .00 ALEG - .00
ROI - 1000.00

NSTD -1 CSTD = .1500E+02

NSTEP = 10

X-Y COORDINATE SYSTEM:
ORIGIN is located at the water surface and at the center of the discharge
channel/outlet: .00 m from the rightbank/shore.
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TABLE P-3  (Continued) ) . IABLE D=3  (Continued)
. ) C = centerline concentration
)Y(-u;_., po.}.n:s g‘mf’;ie" & = corresponding centerline dilution
-axis points to le
PREDICTION
x s Y " BH BV c s
5.2 3.07 2.32 2,32 +326E+02 2.5
BEGIN MOD301 : DISCHARGE MODULE 9.21 4.43 3.55 1.69 .293E+02 2.7
ROFTLE DEFINITIONS: 13.19 5.49 4.83 1.34 <272E+02 2.9
BH = Gaussian l/e (37%) borizontal half-width, normal to trajectory e CHC].;AéaBBEN g&g}am . 6.36 1.09 -254E+02 3.2
gv - S::::;ﬂnl/;m(‘ gl:%:::ﬁ:‘ﬂl thickness . TEE POLLUTANT CONCENTRATION IN THE PLUME FALLS BELOW TEHE -
$  gcenterline concentration . .cion CMC VALUE OF .25B+02 DUE TO MIXING IN TEIS INTERVAL.
corresponding ) 18.14 6.57 6.78 1.05 .250E+02 3.2
THIS IS THE EXTENT OF TEE TOXIC DILUTION ZONE. .
PREDIC';‘ION ' - v c s §§}§ ;.;: e.1g .91 .239E+02 3.4
5 5 . B00E+02 1.0 . . 10.1 .77 .226E+02 3.5
.00 -00 1.38 1.38 80 29.13 8.47 12.31 .67 .215E+02 3.7
33.12 9.04 14.72 .58 .206E+02 3.9
H MODULE
END OF MOD301 : DISCEARGE 37.10 9.57 17.32 .51 .197E+02 4.1
. 41.09 10.06 20.12 .46 .190E+02 ~ 4.2
BEGIN MOD31l : WEAKLY DEFLECTED JET (3-D) 45.07 10.53 23.11 .41 .184E+02 4.4
SIGMA > 45 DEGREES END OF MOD323 : STRONGLY DEFLECTED PLUME (3-D)
SURFACE JET INTD A CROSSFLOW
THIS FLOW REGION IS INSIGNIFICANT IN ITS SPATIAL EXTENT AND WILL BE BY-PASSED. **+ END HYDRODYNAMIC MIXING ZONE (HMZ) *++

END OF MOD311 : WEAKLY DEFLECTED. JET (3-D)

BEGIN MOD341 : BUOYANT SPREADING

BEGIN MOD321 : STRONGLY DEFLECTED JET (3-D) THE PLUME INTERACTS WITH THE NEAR BANK SOMEWEERE IN THE

PREVIOUS MODULE. FOR THIS REASON THE FAR-FIELD PREDICTIONS MAY

PROFILE DEFINITIONS: BE INACCURATE. THE WIDTH AND DEPTH WILL BE RECALCULATED.
B

H = Gaussian 1l/e (37%) horizontal half-width, normal to trajectory

BV = Gaussian 1/e (37%) vertical thickness
C = centerlipe concentration . BANK ATTACHMENT
S = corresponding centerline dilution
PROFILE DEFINITIONS:
PREDICTION s BH = top-hat half-width, measured horizontally from bank/shoreline
x Y B2 BY ¢ BV = top-hat thickness,measured vertically
.00 .00 1.62 1.62 .800E+02 1.0 € = average (bulk) concentration
-52 -47 1.7 1.77 -677E402 1.2 § = corresponding average (bulkj} diluti
1.05 .88 1.89 1.89 .593E+02 1.3 Po! 9 ge (bulk} dilution
1.57 1.24 2.00 2.00 .530E+02 1.8
2.09 1.56 2.09 2.09 .4azz+g§ i; Pml‘:ﬁm“ Y - v c .
. . .18 .444E+ .
gﬁ ; :g 552 g.és .412E+02 1.9 45.07 .00 33.63 .57 . 184E+02 4.4
3.66 2.39 2.34 2.34 L 386E+02 2.1 140.56 .00 45.07 .46 .171E+02 4.7
1,18 2.63 2.41 2.41 C3163E+02 2.2 236.06 .00 55.20 .39 . 162E+02 4.9
4.70 2.85 2.48 2.48 .343E+02 2.3 ** REGULATORY MIXING ZONE BOUNDARY =+
5'23 3.07 2.54 2.54 .326E+02 2.5 IN THIS PREDICTION INTERVAL THE PLUME DISTANCE MEETS OR EXCEEDS
. THE REGULATORY VALUE = 300.00 m
OD32]1 : STRON DEFLECTED. JET (3-D 300.00 .00 61.40 .36 -158E+02 5.1
END OF MOD321 GLY : (3-D) THIS IS THE EXTENT OF THE REGULATORY MIXING ZONE.
i 331.55 .00 64.47 .35 .1S6E+02 5.1
BEGIN MOD323 : STRONGLY DEFLECTED PLUME (3-D) 427.04 .00 73.11 .32 L151E+02 5.3
** WATER QUALITY STANDARD OR CCC HBAS BEEN FOUND e+
PROFILE DEFINITIONS: . THE POLLUTANT CONCENTRATION IN TEE PLUME FALLS BELOW THE WATER QUALITY STANDARD
BH = Gaussian l/e (37%) horizontal half-width, normal to trajectory OR CCC VALUE OF «.158+02 IN THE CURRENT PREDICTION INTERVAL.
BV = Gaussian 1/e (37%) vertical thickness 457.64 .00 75.72 .31 .150E+02 5.3

TEIS IS THE SPATIAL EXTENT OF CONCENTRATIONS EXCEEDING THE WATER QUALITY
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TABLE D-3  (Continued)
STANDARD OR CCC VALUE. .
522.54 .00 81.27 .29 .147B+02 S.4
618.03 .00 89.03 .27 .144E+02 5.6
713.52 .00 96.48 .26 .141E+02 - $.7
809.01 .00 103.64 .24 .139E+02 S.8
904.51 .00 110.57 .23 .136E+02 S.%9
1000.00 .00 117.28 .22 .134E+02 6.0
THE REGION OF INTEREST HAS BEEN REACHED.
END OF SIMULATION.
END OF MOD341 : BUOYANT SPREADING
End of Output
CORMIX3: Buoyant Surface Discharges CU Version 1.10 (August 1991)

33333333333333333333333333333333333333333333333333333333333333333333333333333333




Dratt
August 1991

CORMIX3: AN EXPERT SYSTEM FOR THE ANALYSIS AND PREDICTION
OF BUOYANT SURFACE DISCHARGES .

by
Gilbert R. Jones and Gerhard H. Jirka

Technical Report

DeFrees Hydraulics Laboratory
School of Civil and Environmental Engineering
Cornell University
Ithaca, New York 14853-3501




&)

ABSTRACT

In an era of growing environmental concern, the need to accurately predict the
impact of agueous discharges into our natural waters has become essential. To aid the
design, analysis, and prediction of discharges into watercourses, a series of software
systems has been developed, coined CORMIX for Cornell Mixing Zone Expert System.
The first and second subsystems of CORMIX, CORMIX1 and CORMIX2, deal with
submerged single port and multiport discharges, respectively. The objective of this work
is to develop a third subsystem, CORMIX3, which is to be uséd as an engineering tool
fmthepxedxcum,malymmddmgnoflmoyamdmhargauﬂmmrfweofthe
receiving water body.

CORMIX3 is designed to give both qualitative and quantitative descriptions of the
cffluent fiow resulting from buoyant surface discharges. Given the myriad of possible
discharge and ambient conditions, it is necessary to develop a classification scheme which
properly categorizes the flow according to its most significant characteristics. This
classification gives the user a qualitative “picture” of the flow. Coupled with the flow
classification is a mathematical simulation which provides the quantitative predictions of
the dilution, trajectory, width, and depth of the effluent stream.

CORMIX3 is intended to be a user friendly system, which facilitates th= input and
analysis of a discharge situation by providing ample instructions, explanations of the
results, and suggestions for improving the dilution characteristics. However, its greatest
advantage over other currently available models developed for surface discharges is its
ability to predict a wide variety of complex flow phenomenons, including interaction with
boundaries, buoyant upstream intrusion, and recirculation zones.
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U = friction velocity

u, = ambient velocity

u, = centerline flow velocity

u, = discharge velocity

vp = velocity of dessity current front

w, = net velocity of fluid across density current front

x = horizontal downstream coordinate in global coordinate system

x’, y', * = local (primed) coordinate system

xg = length of recirculation region

X, = length of upstream intrusion

Xy, Y = coordinates of virtual origin

y = horizontal coordinate in global coordinate system perpendicular to ambient
crossflow

Ymax = distance to maximum depth of flow

yo';disnncedimgechannelpmtmdainmambimtm

| z = vertical coordinate in global coordinate system
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Chapter I
Introduction and Historical Beckground

In an era of growing environmental concern, accurately predicting the impact of
essentisl. Discharges issued at or near the water surface are subject to particular attention
becanse of their conspicuous natore. One common surface discharge situstion which
prompted extensive research is the disposal of cooling water from power plants into i
natural watercourses via open channels, More recently, combined sewer overfiows have
become a major surface discharge concern, Naturally occurring surface discharges also |
exist, such as the flow of fresh water from rivers into saline coastal environments. These
scenarios in and of themselves implicate a need for accurate methods for the prediction
of major flow characteristics, such as the trajectory, dilution and geometry of the effiuent
stream.

In a majority of surface discharge situations, the effiuent is positively buoyant with
respect to the receiving water. For this reason, this study is Iimited to positively or
neutrally buoyant discharges issned at or near the surface of the ambient water body. _
These discharges are subsequently referred o as buoyant surface discharges or buoyant
surface jets as is common in the field of hydranlics.

All aqueous discharges in the United States are subject to federal, state, and local
regulation. An important aspect of this regulation is based on the concept of a mixing
zone. A mixing zone is a specified area allocated for the initial mixing of a polintant
discharge. At the edge of the legal mixing zone, standards must be met. In addition to
legal mixing zone specifications, strict pollutant level are set for arcas that are sensitive
to any pollutant interference, For example, shellfish beds require that the ambient water
body remains pristine to assure healthy catches. Regulations of this type require relisble

The intent of this work is to create a robust modelling software system for the
prediction and analysis of surface buoyant discharges. It involves the development of an
expert system capable of handling the most common discharge situations as well as some
uncommon scenarios. This expert system, CORMIX3, is intended for use by practicing

The motivation behind designing an expert system to predict and analyze buoyant
surface discharges is discussed in the following section, Secti Section 1.1.2




- ltgtﬁu&ewquiﬂﬁonmesﬁmﬁonofufmmddm

- ltlbmaﬂadbkmmmofdapmmfwlmpam
source, screening of alternatives, and if pecessary, switchiag to predictive
models thus avoiding rigid adherence to a single model.

- It flags bordestine cases for which no predictive model exists suggesting
cither avoidance of such designs or caution by assigning a degree of

- It allows a continuous update of the knowledge base as improved
predictive models, experimental data, and field experience with particular
designs become available.

- hpmudendoammmdamlymhsungﬂ:kmwhdgemddmmhgc
that have lead to the problem solution. Thus, unlike coaoventional
programs or computer algorithms, an expert system is not a "black box.*

- It provides a common framework whereby both regulators (federal or
state), applicants, and the scientific community cas arrive at a consensus

on the state-of-the-art hydrodynamic mixing and pollution control.
- It gives pollutant concentration at the specified regulatory mixing zones.
- Finally, and perhaps most importantly, it provides a teaching environment

whudwy&emuaﬂywdnﬂyﬁ,mwm
use, gmns-phynal insight and understanding about imitial mixing

The following section provides the scope and objectives of the present study and
_ @ summary of this work.

1.1.2.1. Scope and Objectives

l:xsthepmpoeeofd:isxﬁndytoaatemexpatsymwhmh-ﬂwalﬂaw
scheme that assures the use of applicable modelling techniques for the
mofposﬂrleﬁowpamsﬂmnmymm. The system, dubbed OORMIX3 for
_ Cormell Mixing Zone Expert System - Subsystem 3, is meant to be an engineering tool

“

which may be used to analyze a majority of positively and neutrally booyant surface
discharges.

CORMIX3 is the third of a series of which make up the CORMIX
Expert System. The first subsystem, CORMIX1, was developed for the prediction and
analysis of submerged single port discharges (see Doneker and Jirka, 1990). The second
subsystem, CORMIX2, was subsequently developed for multiport diffusers (see Alar,
1990).

Asmexpatsym CORMIX3 is designed to be a user-friendly program
Mmmmmwuam}mdammm
Tommmmemmmwupmmed, suggestions for i
dilmmchamcmmmmbemduded md

dampuonofﬂxeﬂowutobemdudedmgwememn' ®visual picture” of the flow.
Finally, the system should provide accurate predictions of the trajectory, dilution and
geometry of the flow.

1.1.2.2. Summary of Present Study

The structure of CORMIX3 is similar to that of CORMIX1 and CORMIX2. It
utilizes the expert system shell VP-Expert (Paperback Software, Inc.) to collect the data,
parameterize the problem, and classify the discharge situation. Fortran is used to
mathematically simulate the flow.

Chapter II discusses the theoretical development of the relationships used in the
hydrodynamic simulation of the flow. ltalsomcludsngmualdscnpmnofthcfun'
flow categories which CORMIX3 distinguishes.

Chapter I provides a description of the structure of CORMIX3 and discusses the
two programming languages, VP-Expert and Fortran, used to construct the different
segments of the system. Included in this Chapter is a discussion on the five program
elements that make up CORMIX3.

Chapter IV details the procedure used to classify the flow. Also included in this
Chapter is a discussion of the required input data and the simplified schematizations of

the ambient and discharge conditions,

- Chapter V describes the structure of the hydrodynamic simulation and lists the
expressions used to predict the dilution, trajectory, width and depth of the effluent flow.

Chapter VI is devoted to evaluation and verification of the model. Included are
several comparisons between CORMIX3 predictions and corresponding laboratory and

4




field studies. These comparisons are intended to provide verification o the model and
to illustrate the flexibility of CORMD(3 to predict a wide variety of flow situations.
Chapter VII illustrates the application of CORMIX3 10 a hypothetical scenario.

nggéwng&ggomggﬂna

1.2. History of Length-scale Models
Eug%wg&ﬁ.ﬂggﬁgigg

to predict the important quantitative characteristics of buoyant surface jets. It is divided
into three subsections. Section 1.2.1 explains the three basic groups of mathematical

analytical expressions used to describe submerged round buoyant jets. Section
discusses various attempts to apply these simple analytical expressions to buoyant surface
jets and suggests how models based on similar analyses may be developed for buoyant

submerged round buoyant jets may be grouped into the following categories: jet-integral
models, three-dimensional numerical models, and "length-scale® models. Jet-integral
(

solved by simple forward-marching aumerical schemes along the jet trajectory.”
Jet-integral models perform ggwnxnav_anqtu gsgg

or attachment. However, strong crosscurrents or limited depths causing attachment with

the downstream bank or strong initial buoyancy causing intrusion of the effiuent along

the upstream bank render these models invalid. In addition, jet-integral models predict
oaly the jet-like behavior of the flow near the source. They are incapable of simmlating
any far-field processes that occur after a cestain transition distance (Jirka et al., 1981).

Three dimensional numerical models attempt to approximate the system of
Reynolds equations through finite element or finite difference schemes. To a large

JUB&R%BRBBSB«%S.E%E
addition, the formulation of turbulent transpost terms is unknown... . From a
peactical viewpoint the models are highly ¢ - EBQBF_.I&B

instructions for the user and are expensive to use (cven in moderate sire test
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Length scales have also been used to determine empirical expressions describing
upstream intruding plumes (Jones et al., 1985) and the extent of recirculation of shoreline
attached jets (Chu and Abdeiwahed, 1990). However, a comprehensive study of length-
scale model applications to buoyant surface jets bas not been made. Due to the
differemces between surface buoyant jets and submerged jets, care must be taken when
mmwmﬂmuwymwwmmmmz
jets. However, since fundamental similarities exist and some applicability has been
recognined, it is reasonable to expect that by developing simple analytical expressions to
describe their relative regimes of dominance, practical predictions can be made of the
flow behavior in most buoyant surface jet scenarios.

Chapter IT
‘Theoretical Background

The analysis of buoyant surface jets can be simplified by recognizing two separate
regions: the “near-field” and the “far-field” (see Figure 2.1). The near-field designates
the extent of the flow near the discharge in which the mixing is highly dependent on the
discharge conditions, whereas the mixing in the far-field is dependent solely on the

The dilution in the near-field is highly dependent on the initial volume,
momentum, and buoyancy flux of the discharge. Different discharge configurations can
lead to fundamentally different fiow charactesistics in the near-field. This forms the basis
for classifying buoyant surface jets. Four caegories of near-field flow patterns can be
distinguished: free jets, wall jets, shoreline attached flows, and intruding
plumes. These four major flow categories are qualitatively described in Section 2.1.

In the far-field, ambient turbulence, stratification, wind shear, and many other
factors dependent on the ambient conditions play a role in determining the rate of mixing.
Lateral spreading due to buoyancy and passive diffusion caused by ambient turbulence
are the predominant flow processes in a majority of practical situations. Since most other
processes are difficult to model and/or are generally insignificant, only buoyant spreading

and passive diffusion will be considered in the far-field.

It is apparent that no clear transition from the near-field to the far-field exists for
buoyant surface jets. Although the transition is gradual, an approximate point of transition
can be estimated by using particular length scales. Length scales can be used to delineate
regimes within the flow in which particular mixing processes dominate. These length
scales are described in Section 2.2.

Section 2.3 and 2.4 describe the theoretical considerations and development of the
near-field and far-field regimes y. The near-field region includes various flow
regimes that make up free jets, wall jets, shoreline attached jets, and upstream intruding
plumes. The far-field includes the two processes of buoyant spreading and passive
diffusion.

2.1. General Description of Flow Patterns

‘The distinction of four major flow categories is based on observations in the field
and laboratory. Three of the four near-field flow pattems (free jets, shoreline attached
jets, and upstream intruding plumes) were first quantitatively defined by Chu and Jirka
(1986). The fourth, wall jets, are special cases of free jets and will be discussed along
with free jets in Section 2.1.1. The following discussion describes each of these patterns
and the processes that are involved.

14
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where AR is the discharge channel aspect ratio defined as h,/b,. Previous experience has
indicated that the aspect ratio plays an insigaificant role in flows with high local dilutions
(irka et al., 1981).

2.3.2.1. Initial Jet-Eke Flow Characteristics

The initial regime, dominated by strong jet mixing, is analogous to one-half of 2
round submerged non-buoyant jet. After 2n initial zone of flow establishment (which will
be neglected in the following analyses), the jet displays a full Gaussian velocity profile
mﬁehonmaldmmaﬁahlf&nmnvebatypoﬁbmmmalm

the centerline, 3. However, MMMMBWWMW
For jet-like flows with a Gaussian profile, the half-width b, and vertical depth b, of the
flow are defined to be where the concentration is l/e (37%) of the centerline
concentration.

From dimensional considesations, u, is found to be a function of the initial
momentum, M, and the distance along the trajectory centerline, s, as follows:

M7
. o @.17

where ¢, is a coastant. mmlypouibhexpxusimfm;;!;hﬂf-widmmnmybe
obtained from dimensional analysis is:

b=bs .18%)

where b, is a constant. If the centertine dilution, S, is defined as C,/C, where C, is the
initial discharge concentration and C is the centerfine concentration, then the oaly
dimensionally consistent relationship for S is:

w?
S= Ly s,-:: - Q.19)

where s, is a constant. The constants c,, b;, and 8, must be determined experimentally.
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Figure 2.8 - Gaussian Velocity Profile of a Non-buoyant
Surface Jet (adapted from Rajaratnam and Humphries, 1984)
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where b, and g are the initial half-width and distance along the trajectory at the
beginning of this region and b, is a constant. Comparison to various laboratory results
hawe proven this to be an accurate description of the buoyancy-induced spreading process.

Adapting the entrainment relationship q,(s) = Sv,yb, where g is a constant within
the xange 0.15 and 0.25 (Simpeon and Britter, 1979; Jirka and Arita, 1987) and applying
thesn as they are for far-field processes (Section 2.4.1), the vertical depth of the phume
is abtaimed:

$-1
b, - b_,[b‘ 2240

1If both buoyancy flux and pollutant fiux are conserved, the ratio g*/g,’ can be used as an
indiicator of the dilution. As discussed in Section 2.4.1 for far-field processes, the dilution
relationship is as follows:

p
s-s(2) a1
bH
where S, is the initial dilution.

2.3.3, Free Jets in 8 Crossflow

By analogy to submerged buoyant jets, the trajectory of a buoyant free jet can be
expecied to pass through two phases (Jirka et al., 1981). The first is the weakly deflected
region where the trajectory of the jet is similar to that of a pure momentum jet which is
1asexally deflected by the crossflow. In the second, the crossflow has bent the fiow over
and the jet/plume behaves like a line impulse which is gradumally propagsting
pexpeadicular to the crossflow. Bebofthesemgmsmdeuﬂedmtheﬂowmg
subsections 2.3.3.1 and 2.3.3.2

‘The proper length scale to measure the transition between these two regions is the
jet-vo-crossflow length scale, L, discussed in Section 2.2.3. For y/L, << 1), the
crossflow is relatively unimportant and is treated as a small perturbation on the two
wwmmmwmmmummmym
region.” For y/L, > > O(1), the crossflow becomes the primary advecting mechanism

24

[ R )

-

Mwhchdmmthemwmbedﬂdoped(&cuon233.2)mdntetmedme
“strongly deflected region.®

Similar flow phases bave been established for the trajectories of submerged jets.
By comparing surface buoyant jet trajectory datz with the expressions developed for
submerged jets, Jirka et al. (1981) showed that it would be reasonable to use similar flow
region delineation for surface buoyant jets. An updated version of this comparison has
been duplicated in Figure 2.10. Note that there appears to be some systematic effect due
to the ratio Fr,/R = (L_/L)"*2. Correction for this effect is discussed in Section 2.3.3.3.

2.3.3.1. Weakly Deflected Flows

For a weakly deflected jet in a crossflow, the centerline velocity, half-width and
dilation relationships developed for the initial jet-like mixing region in a stagnant
environment (Eqns. 2.17, 2.18, and 2.19) still hold for this regime. However, the
foﬂomngpuunbmunﬂndedwmmfmthedownsuumadmmamedbyﬂn

2.4 226
u, dx

Subsumungthecenulmevdoatygvmbyﬁqn 2.17 into this expression and integrating
gives the following trajectory relationship:

oofal] -

where t, is a constant which must be determined experimentally. This the same
dependency found for the weakly deflected region of a submerged jet (Wright, 1977). It
is also consistent with the dimensional analysis discussed in Section 2.3.1 and the data
fnttheiniﬁalpha:eofanﬁ:bmymtjeu:howninl’igmz.lo.

For two dimeasional flow, the same crossflow perturbation is applied as for the
3-dimensional case Eqn. 2.26, bmtheomu-lmeveloatyuhﬂmsthefollmng
relationship (Holley and Jirks, 1986):

» .
'.
eef2) o

Substituting this centesline velocity definition into Eqn. 2. 26andmwgnnngm.lltsmthe
following relationship:

25




The dilution is derived analogously to that nnﬂu.&gn_gggnﬁnn
dimensional flux and length scale definitions. This results in:

are the same as for the buoyancy induced spreading in the second flow regime of the
stagnant case, and are given by Eqns. 2.23, 2.24, and 2.25. This, in effect, superimposes
the governing equations for a density current onto a flow whose trajectory is still
momeaium controlled.

2.3.3.2. Strongly Deflected Flows

=]
v + ]
a3 e u...E - @30
3 ] Iy
b - 748 LY
Aﬁ? M.u Elm= == 1 -1 , ’
< Qe Wu) 00000 4 Qo , The horizontal half-width relationship is similar to Eqn. 2.18:
a2 pa .._Lm 8E
. T o5 —. o ge 4 - os_. b=by @.31)
o &z © e VY 582
° €3 ¢ Nanlh o wfd but uses a different b,
T e ..WNW Y_.Lm YR i §=4 ﬁm . constant, b,.
o ° o ’ Nm For cases where Ly < L, buoyancy induced spreading occurs in the weakly
< ) o r ggggﬂh«%ﬁnﬂgﬁgiﬂaﬁﬁéﬂ
- deflected jet 2.27) depth and dilution relationships that app
a2 ¥, H]
.« @
‘A )
[-]
e @
N

In the strongly deflected region, where y/L_ > > O(1), the flow is advected
downstream with the ambieat current at 2 gFﬁo&n«ﬂ.&:ﬂEﬂa
lateral deflection due to some residual momentm force. This is modelled as an
instantaneous release of non-buoyant fluid issued horizontally from a line source. This
conceptualization, as described by Scorer (1959), can be described with appropriate
dimensional analysis, gnﬂﬁm&é—&ﬂanﬂeﬁ%! the
horizontal progression y, and the time after release t. The resulting expression is:

Mt | const @.32)
Wu

In applying this analogy to a pure jet, M’ is replaced by M,/u, and t is repiaced by y/u,.

EERE?ES&&E«E?

.ﬂE the same form as for a submerged non-buoyant jet which is strongly deflected and
is consistent with the data shown in Figure 2.10. Again, the half-width relationship for

26




]
2 ..,(.1.) 2.3
L.~ *\L
a jet holds:
b= b,y .39

lfwemetheldmmyC,Q,cc,h,b,u,bduaibeﬂwmssommm.Mmum
of length scales the dilution S = C,/C, is given by:

ol o

For2-dmmswnalmonglydeﬂmdjeu.ammﬂnhnempulsemodduuxd

The dilution is anaiogous to that of the 3-dimensional case but uses the 2-dimensional flux
and length-scale definitions. The dilution for a strongly deflected 2-dimensional jet is
then:

S = gg—I— Q3%
The horizontal half-width equation is similar to Eqn. 2.18: 7
b=0by .39

. The above equations only apply for jet-like flows in the strongly deflected region,
i.e.: when L, < y < L. However, once buoyancy starts to deform the flow and

27
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induced spreading becomes the dominate mixing process in this region, ie.:
wheny > L_ & L,,, the half-width and dilution expressions developed in Section 2.3.2.2
ﬁurhmydnvenhmﬂ:pmdingumly(ﬁqm.m 2.24, and 2.25). However, the

trajectory relstionship remains the same as developed for a strongly deflected jet (Bqn.
2.33)

2.3.3.3. Correction for Trajectory Constant -

‘When buoyancy-induced spreading causes the plume to thin, the fiow will tead to
further into the crossflow. This can be seen by the systematic effect of Fr,"/R
on the trajectories of free jets in Figure 2.10. To estimate this trend of variability, run-
averaged trajectory constants were plotted against Fr,'/R as shown in Figure 2.11. Using

regression, a best-fit line was obtained that can be approximated by:

"]
¢ =2271|—1- Q.40)
Friyr

The minimum trajectory coastant was taken as 1.6, the theoretical value for a noo-
buoyant wall jet (Holley and Jirka, 1986).

2.3.4, Wall Jets

As noted in Section 2.1.1, wall jets are comsidered a special case of weakly
deflected free jets. When the mirror image of 2 wall jet is considered, the flow is
identical to that of a free jet issue in a coflow. Since the discharge is issued in a coflow,
howcvammmglydeﬂemdmpmexn&mdmybuoymcynducedqnadmgmbc
considered a far-field process.

Therefore, the two possible regimes that exist in the near-field of a wall jet are
analogous to the 3-dimensional and 2-dimensional weakly deflected jet regimes. Using
identical formulations as for the weakly deflected free jets but including a mirror image,
the following dilution relationships are obtained for the 3-dimensional and 2-dimensional
cases, respectively:

) =
P ,{1)"‘ Y
I'
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Figure 2.11 - Variation of the Trajectory constant
With the Ratio Fr,'/R = (L/L)'

where s, and s, are constants. The horizontal half-width retains a similar linear half-width
relationship for both the 3-dimensional and 2-dimensional cases:

by = byx .43

where b, and b, are constants.

2.3.5. Shorelive Attached Flows

A qualitative description of shoreline attached flows is given in Section 2.1.2.
Shoreline attached flows are typically strongly bent over with a recirculation region
between the jet-like structure and the near bank. This is exhibited in Figure 2.5.

The bulk of the discharged fluid follows a trajectory similar to that of a free jet
yet reduced in lateral penetration into the crossflow. Very often, the flow is strongly beat
over very near the discharge so no weakly deflected region exists. Plots of shoreline
attached flow trajectories show that the same power laws developed for free jets apply
to shoreline attached flows as shown in Figure 2.12. Note, that the lateral progression is
spproximately half of that found for free jets. The lack of data for y/L, < 1 is due to
the fact that this weakly deflected region is typically very small and often negligible. ‘As
with free jets, there seems to be some systematic effect due to Fr,'/R.

Since the trajectories of shoreline attached jets are analogous to free jets, similar
trajectory relationships may be used for the 3-dimeasional flows in the weakly deflected
region and strongly deflected region, respectively:

72
2. ,,[L] a.44
L. L.
2.4, (L]"’ 2.9
L L

where t;, and t,, are constants which are approximately half of their free jet counterparts.
For 2-dimensional jets, relationships similar to those for free jets also apply for the
weakly deflected and strongly deflected regions, respectively:
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Janetll lhodevdq)edudanmdnpfordzbulkdilunmnmeuddlhe
*intermediste region® which is approximately located at x, = x,. The relationship is
approximated as:

»
5, - o8t Ly Q.1
xCp)® Lo
Jones et al. give the typical depth of flow in the upstream intrusion region, b,, as:
Cotte
"-"{— [ X]
where Cpg ® 0.8. Since buoyancy flux is conserved, g° = g.'/S. Therefore, using the
above definition of dilution and writing Eqn. 2.51 in terms of length scales, b, is
equivalent to:

b - [mos Cpe L,, 2.5
Pl =C®

The width of the plume b, at the source is predicted as approximately 2.6 times
the length of the upstream intrusion length. The width of the plume at the end of the
near-field region is estimated ag approximately 4.0x,.

by = 263, Q.54

by, = 40z, (v X )]
By continnity, the vertical depth of the plume at the end of this region can be computed
as: .

b« Sy ™

v b,

a1

-

e

If the depth at the discharge is shallow and the effluent is discharged with
reasonably high momentum and buoyancy, the flow may be unstable and full vertical
mixing may oocur as shown in Figure 2.6b. Because of recirculation, dilutions are
reduced. From dimensional analysis, the dilntion of this flow pattern can be coacluded
to be in the following form:

Hy

Q.57
L,

S=3,

where s;, must be experimentally determined.

Restratification will generally occur in this plume-like flow just downstream of the
point of discharge. The point of restratification will be used for the end of this regime
and the beginning of the far-field. Restratification of the flow occurs at a distance
approximately Hy, downstream of the discharge (Doneker and Jirka, 1990), therefore x,=
Hy. The same haif-width, depth, and upstream intrusion length as used for the stable case
zpply to this unstable regime.

2.4. Far-field Flow Regime Analysis

The two far-field processes that may occur are buoyant spreading followed by
passive diffusion. Although buoyant spreading may or may not occur depending on the
buoyancy and ics of the flow, all discharpes, if taken far enough
downstream, are affected by ambient turbulence and therefore become passively diffused.
The following two subsections (Sections 2.4.1 and 2.4.2) describe the theoretical
development of these two processes.

2.4.1, Buoyant Spreading Process

For strongly buoyant discharges, the far-field may exhibit strong lateral spreading
and vertical thinning. This is similar %o the buoyancy-driven spreading process described
in Section 2.3.2.2 for the near-field. However, in the far-field there is no net lateral
movement of the plume and the plume is advected downstream with the ambient curreat
at a velocity u,.

The definition diagram and structure of a surface buoyant spreading process in
unstratified crossfiow is shown in Figure 2.13. The laterally spreading flow behaves like
a density current and entrains ambient fluid in the "head region” of the current. The
mixing rate is usually relatively small. Furthermore, the flow may interact with a nearby
bank or shoreline. The flow depth may decrease during this phase. The analysis of this

2
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Figure 2.13 ~ Buoyant Surface Spreading Process
(from Doneker and Jirka, 1990)

region is anzlogous to the arguments presented in Section 2.3.2.2 for b:i;yancy-induced

_ spreading in the pear-field.

The continuity equation for the density current is:

I R Q.59
C& @ [

where w, is the net velocity across the interface and v(x,y) is the local transverse
velocity. Combining the equation for the spreading velocity v, developed by Benjamin

: (lfqn.zm)withﬁqn. 2.58 and integrating laterally over the deasity current half-width

gives:

s = ¢,(x)
where q(x) is the localized head entrainment representative of the dominant mixing
m‘ .

The localized head entrainment of the density current is parameterized as g (x) =
Bvyb, where 8 is a constant with a range of 0.15 to 0.25 (Simpson and Bitter, 1979; Jirka
and Arita, 1987).

The flow half-width b, is obtained for any downstream distance x by using the
boundary condition for the streamline (v = u,db,/dx) and integrating Eqn. 2.58.

S N

where x; is the downstream distance at the beginning of the buoyant spreading region, and
by; is the initial density current half-width. C;, is the coefficient of drag for the head
region of the flow and ranges from 0.5 to 2.0 (Doneker and Jirka, 1990). This 2/3 power
law of flow spreading is in agreement with the previous work of Larsen and Sorensen
(1968).

The vertical flow half-width b, is given by integrating Eqn. 2.59 to obtain:

B-1
b, = b, T',’L] 2.61)
(]
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Due to mixing in the head region, the ocal concenteation C aad local
£’ gradually change with distance x. ‘Iblvu!kdihions,gbu_bch.heqm

' the ratio go'/g’. Since buoyancy flux is conserved, the identity ug'b,b, = comstant

may be combined with the initial conditions 1 obtain the followiag expression for

dilution:
L 2.e)
s :,[b.]'

where § is the initial dilution.

2.4.2, Passive Ambicat Diffus

mixing sechanism at sufficiently large distances from the discharge poist. In general, the
passively diffusing flow is growing in width and in thickness (see Figure 2.14).
Furthermore, it may interact with the channel bottom and/or banks.

The analysis of this region follows classical diffusion theory (e.g.: Fischer etal.,
1979). The standard deviation o, of a diffusing plume in crossfiow can be writien in
terms of the transverse turbulent diffusivity E: ’

of--zuE 2.

.

in which x is the distance following the ambient flow with the point release located at x
= (. The coefficient of eddy diffusivity depends on the turbulence conditions in the
environment and may be a function of distance x (or plume size o,).

2.4.2.1. Diffusion in Bounded Channe! Flow

In open channel flow the eddy diffusivity can be related to the friction velocity
u. and the channel depth H

E, = 02u H (¥

for vertical diffusivity, and

Plan View ’ Possibie Bonk
/ Inderaction
-—
- Plume
el Centerline
-
— ]
]
" —Initiol Conditions
X;
Side View

227,

277,

\ b — — ~=X
Possible Bottom Intergction

Figure 2.14 - Passive Ambient Diffusion Process
(from Doneker and Jirka, 1990)




E - 05 a9

for horizostal diffusivity. The friction velocity is given by u. = (£/8)'2u, where f is the
Dascy-Weisbach friction factor. Due to some anisotropy in a typical channel flow, the
diffesivity in the horizoata! transverse direction is usually larger than the diffusivity in
the vertical direction. The coefficients included in Eqns. 2.64 and 2.65 are average
values for seasonably uniform channels. The coefficients may be considerably larger (up
to a factor of 2) for highly non-uniform cross-sections and/or strongly curved channels
(see also Holiey and Jirka, 1986).

Solation of Equ. 2.63 with these diffusivities and with initial flow half-width
comditions specified at x; (see Figure 2.14) gives the vertical thickness b, and half-width

by, respectively: ) )
b"“rif:x—)*b:r 2.66)
1,.._5(2'_+b .67

where x;, b, and b, are the distance, kalf-width, and depth of the plume at the beginning
of the passive diffusion region. The above definitions are related to the vertical and
hosizontal standard deviations by a factor of (w/2)'2: b, = (%/2)%c,, and b, =
(=/2)'7o,, axsuming an equivalent top-hat plume with same centerline concentration and
pollutant mass flux.

Applying the continuity equation 2u,b,b, % SQ, yields the dilution:

s - b 2.69)
LL,

Beyond the distance at which the flow becomes fully mixed (b, = H), the dilution
expression is:

P 2Hb, 2.6

2.4.2.2. Horizoatal Diffusion in Usbounded Channe! Flow
dimension (coastal water, large lakes, etc.) exhibit an accelerating turbulent diffusive

growth pattern. mmmmmyuoﬁawﬁedbymewdhd‘mw
(sce Fischer et al., 1979):

E, = a(30,)" e
in which a uacoeﬂiaaueqmltooman”ls(mformnphmem)m

E, is in units of [cm?/s) and o, in fcm]. Integration of the applicable diffusion equation
with this variable E, yields a solution for piume growth (Brooks, 1960, and Fischer et

al., 1979): '
b, = b'[l + (%)—E%r Q.11

vsing the present notation and half-width convention. E, is the initial value of
diffusivity, so from Eqn. 2.70 at position x;:

E, = 000155 Q.72

with units of {m?/s] for E,; and fm] for the initial half-width by. The dilution expressions
are the same as before, given by Egns. 2.68 and 2.69.




Chapter III
Program Structure

This chapter provides a general overview of the structure of CORMIX3. Section
3.1 psovides some general comments on the language and structure of the system and
Sectiom 3.2 details the separate elements that make up CORMIX3.

3.1 General Comments and Description

CORMIX3 (Comell Mixing Zone Expert System, Subsystem 3) is intended % be
2 00l %o aid design and analysis of buoyaat surface discharges. CORMIX3 is designed
o give the nser a qualitative “picture® of the flow through ample descriptions of the flow
characeeristics. CORMIX3 also gives quantitative results including estimates of the flow
trajeckrry, dilution, width and depth.

The system uses- two progmmming languages: VP-Expert (Papesback
Saoftware,Inc.) and Fortran, VP-Expert is an expert system shell and is used to construct
the knowledge base. VP-Expert is efficient in data collection, logic programming, and
user sid. It is used to collect the input data and classify the flow according #0 the
classification scheme described in Chapter IV. However, VP-Expert is poor in performing
mathematical calculations, and therefore Fortran is used ® perform the numerical
simulstion of the flow. For a complete description of expert systems and logic
progmamming as applied to CORMIX Expert Systems, see Doneker and firka (1990).

3.2 Knowledge Base System Elements

Figure 3.1 shows the overall structure of CORMIX3. CORMIX3 is comprised of
five kmowledge base elements: DATIN3, PARAM3, CLASS3, HYDRO3, and SUM3.
Each of these elements are described in more detail in the following sub-sections. The
Fortran hydrodynamic simulation is accessed through the HYDRO3 element snd is
discussed in more detail in Chapter V.

Information is passed from one element to the next by writing all the variables and
their respective values into a text file called a "cache® file, which is then read by the
following clement. These cache files, as well as the other components of CORMIX3, are
stored in separate DOS subdirectories. The CORMIX3 program file directories are Ested
and described in Table 3.1.

VP-Expert

DATIN3
User Input

ASITE3

1teration

CONFIG3

ZONES3

1

VP-Expert

PARAM3
Porameter
Computation

1

VP -Expert

CLASS3
Flow
Clossificotion

\

VP-Expert Fortron
HYDRO3

Prediction/Simulation

Progrom

VP-Expert
SUM3

Summory

gvoluoﬁon

ecommendation
(Legal/Engi ng)

Alterngtives
Corrections

Figure 3.1 - Overall Structure of CORMIX3




Table 3.1
CORMIX3 Program File Directories
Directory Comments

C:\emx3 System oot directory. Consains VP-Expert system
files and the knowledge base system driver
CORMIX3.

C:\emx3\advice3 Contains wser-requested advice files

C:\cmx3\bat3 Contains batch files for program execution, dats file
manipulation, and program control.

C:\cmx3\cache3 Stores cache “fact” files created by knowledge base
clements.

C:\cmx3\data3 Contains constant files and other case-specific data
files.

C:\emx3\desc3 Contains descriptions of each flow class.

C:\emx3\kbs3 Contains the executable knowledge base programs.

C:\emx3\pgms3 Contains executable Fortran hydrodynamic simulation
program and other Fortran file manipulation
programs. -

C:\emx3\sim3 Stores hydrodynamic simulation result files.

ol

3.2.1. DATING

DATIN3 collects all the input data from the user. It is divided into three
segments: ASITE3, CONFIG3, and ZONES3. The user is prompted for one piece of
information at 2 time and instructions for entering the data are provided with each
segment if requested by the user.

The first segment, ASITE3, collects general site and case identifier information.
It is in this segment that the user gives the present run a DOS name for which all of the
data files are saved under. The second segment, CONFIG3, collects the data on the
geometry and flow conditions of the receiving water body and the discharge channel. This
segment also requires information of the arca immediately surrounding the discharge
outlet. The details of the ambient and discharge requirements are discussed in Section
4.1. The fourth segment, ZONES3, allows for a legal mixing zone, toxic dilution zone,
and region of interest to be specified.

3.2.2. PARAMS

The second knowledge base element, PARAM3, calculates the physical parameters
necessary to classify the flow and perform the hydrodynamic simulation. These
parameters and their definitions are listed in Table 3.2. Note that if any of the

are infinite, i.e.: L, = © when u,= 0 m/s, the parameter is assigned a value of 99999.9.

The length scales calculated in this element are then used in the following element,
CLASSS3, to classify the flow. For a description of the meaning of these length scales,
see Section 2.2,

3.2.3. CLASS3

The knowledge base element CLASS3 classifies the flow according to the
discharge and ambient characteristics which are measured by the length scales calculated
in the previous element. A more detailed description of the classification scheme is given
in Section 4.2. By exploiting the logic programming strengths of the expert system shell,
this element can efficiently classify the flow into a particular flow class, and in the
process display the decisions for making its conclusion. For a more detailed explanation
of the logic programming used, the reader is referred to Doneker and Jirka (1990).

Once the flow bas been classified the user may obtain a complete description of
the fiow class if so desired. These flow class descriptions can be found in Appendix A.
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Discharge Angle, o

Dischorge
velocity, U,

channe! width, b,

o) Plan View

b) Cross-Section

Figure 4.3 - Near-field Discharge Echematization
{The discharge channel is shown as rectangular
for illustrative purposes. It may also
be circular with diameter 4, )

- .

discharge conditions. CORMIX3 recognizes this possibility and recalculates the discharge

4.2. Flow Classification Scheme

In this section, a genersl description of the flow classification process is described
(Section 4.2.1) and then the rationale behind the classification criteria is discussed
(Section 4.2.2).

Just as ambient and discharge conditions can be highly variable, 30 can the
resulting flow patterns. With a wide variety of flows possible, each with very different
characteristics, it is necessary to classify the flow in order to determine the method of
simulation, For example, a non-buoyant shore-hugging plume will have very different
mixing and dilution properties than will a buoyant free jet discharging into a stagnant
environment. Therefore, to classify the flow, measures of the discharge and ambient
conditions must be used.

CORMIX3 uses length scales, ambient depth measures, and the discharge angle
to classify the flow. Figure 4.4 shows the CORMIX3 classification scheme. This
classification scheme has been derived from the classification diagram first proposed by
Chu and Jirka (1986) shown in Figure 4.5,

The CORMIX3 classification scheme is a tree-like structure consisting of a series
of criteria or decisions. The decision criteria shown in Figure 4.4 indicate that the criteria
are measured against unity. In actuality, they are measured against their respective
criterion constants (C1, C2, etc.) which are O(1). For example, The criteria used to
distinguish between jet-like flows and plume-like flows, Lo/Ly,, is actually compared
against the constant C1, i.e.: Lo/Ly < Cl for jet-like flows and Lo/Ly > Cl1 for plume-
like flows. The values for these constants are listed in Table 4.1. The rationale for these
criteria are discussed in the next section, Section 4.2.2.

The classification of the flow is designed so that it makes one decision at a time,
outputs that decision to the user, and then proceeds to the next decision. As seen in
Figure 4.4, up to five decisions may be required to before a classification of the flow is
reached. The resulting flow class then gives the user an idea of the general characteristics
of the flow. For example, if the flow is classified as an SA2, then the flow is attached
to the downstream bank and is initially fully vertically mixed. Adeampuonofﬂ:eﬁm
general flow classes can be found in Section 2.1.
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(2.2 Classification Critesi

Seven basic classification criteria make up the CORMIX3 flow classification
scheme (sce Figure S.4). Each of these criteria and the rationale behind them sre

4.2.2.1. Jer-fike vs. Plume-like (C1)

The first decision to be made in the classification scheme is to determine whether
. the flow exhibits stronger jet-like characteristics or more plume-like characteristics. The
appropriate parameter in this case is the-overall deasimetric Froude sumber Fr,' for
wh:dﬁeqnvalmtlengﬂ:ubmnoul.ﬂ.v For Ly/Ly, > O(1), the flow is highly
buoyant with the initial discharge momentum being secondary, therefore being more
plume-fike. The converse is true for Ly/L, < O(1).

Note that in actnality, the classification scheme uses the inverse of the Fronde

number, Lo/Ly,, to remain consistent with Chm and Jirka's classification diagram, Figure
4.5.

4.2.2.2, Crossfiow vs. Coflow (C2)

This criterion identifies the flows which are issned near perallel t the bank or at
2 discharge angle o small enough to cause Coanda attachment to the downstream bank.
For these cases, the flow is classified as a wall jet.
4.2.2.3. Upstream Intruding Plume vs. Shore-hugging Plume (C3)

This esiterion combines several effects to determine whether a plume-like flow
will intrude along the upstream bank against the current. This criterion is given as:

L._
(1+euo)$’7.(ﬁ (i;’-c “.1

mm(lm)andy,uecmrecummmmmfwﬂ\emmgbnd
any protrusion of the discharge channel into the receiving water. Eliminating these factors
reduces the criterion to that shown in Figure 4.5.

EERI
L) \g,

L ]

-

) t ,
Table 4.1
Criters Criterfon Source(s) or
Constant Comments
L Clw=l A) From Chu and
o Sa Jirka (1981)
o lassificati
diagram (Fig. 4.5)
> C2=0.2 | Davidson (1989) ,
tang . C2 - | and Sharp and Vyas
(1977)
L C3 = 0.25 Sec A
l+cosa)—__- u C3
C4 =0.25 See A
LU
H
Ly > C5 = 3.33 | B) Criteria for
T < c5 maximum surface jet
depth as per Chu and
Jirka (1981)
C6 =20 Sec B
Lu > 5
Hp, <
Ly > C7 = 0.42 | Simple dimensional
T < c7 analysis.
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that the criterion constant, C3, reflects the depth dependency of L/H;,, Eqn.
4.5 may be rewritten as:

(%) -C where: C = CULJH) “n
The physical significance of L, is different for buoyant surface jets than for

submezged buoyant jets. For a buoyant surface jet, L, is a measure of the upstresm
intrusion. If L, is small relative to L, ie.: L /L, > C, upstream intrusion will be

- negligible and a shore-hugging plume resuits. On the other hand, if buoyancy is strong

and L/1, < C, upstream intrusion will exist.

4.2.2.4. Free Jets vi. Shoreline Attached Flows (C4)

attached jets, and is given as follows:

(l+wc)j_(%.]§-c “eo

Ly+v,

As with the previous criterion, the terms (1+cosc) and y, are corrections added to the
criterion proposed by Chu and Jirka (1986). Without these factors the criterion reduces

,, e

The same assumption regarding the ratio of (Ly,/H) will be made as described for the
upstream intruding ptume vs. shore-hugging plume criterion, that is, the criterion constant
C4 reflects the depth dependency of Ly/H. As noted in Section 4.2.2.3, the ambient
depth H is calculated according to the location of maximum depth, y,., = 3.89 L.
Therefore, the resulting criterion reduces to:

(’_ﬁ) -C where: C = OB “

L, is a measure of where the initial discharge momentum becomes secondary and the
ambient crossflow predominates. If L, is small, i.e.: less than the discharge length scale
‘Lg, then the jet is very rapidly beat over and attachment o the downstream bank will

“

———

re‘m&oduhm,ﬂl_uvuymxtmnnbamwdmfmﬂn
jet 0 become bent over and it will remain free from shoreline sttachment.

The constants in these two criteria have been determined empirically by Chu and
Jirkn snd contzin some uncertainty. However, as shown in Figure 4.5, they appear o
provwide a good delineation for the different flow pattems.

4.22.5. Deep vs. Shallow (C5, C6)

Birkn et al. (1981) found that the maximum depth of a buoyant surface jet is
propostional © the length scale L,:
B =030 L, @.n

If H is the ambient water depth at the point of maximum jet depth, the ratio L,/H can
be comsidered a relative measure of the maximum jet depth as compared to the ambient
depth,

For the plume-like flows and wall jets, the ambient depth H is taken as the
ambient water depth at the point of discharge, Hy, since the near-field is located in the
mﬁﬂndischrgemalagﬂzbankhﬁeejasmdmmdndges,the
ambiest depth H is calculated st the location of maximnm jet depth. Jirka et al. (1981)
detenmined the Jocation of maximum jet depth to be proportional 0 Ly:

Vour * 389 L, 4.8)
for a stagnant environment. Therefore, forﬁee;etsandﬂlomhmmcbedjets,
ambiest depth is calculated at this point.

H = Max ( H, Hy,+y,_ sinb) 4.9)

4.2.2.6. Momentum Dominated vs. Buoyancy Dominated (C7)

Ahoughtheﬂowmymgmaﬂybedmmnedmbeﬁlhhnymcymaysun
play a significant role in the mixing process near the discharge. For this reason, it is
importsnt © distinguish the fiows for which buoyant spreading becomes predominant in
the weakly defiected region from the flows where it does not become important until the
strongly deflected region.

To distinguish these two types of flows, thennol,,ll,uanployed Ly
measares the transition distance where buoyant spreading becomes the predominant flow
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characteristic and the jet-induced mixing becomes secondary. L, messures the transition
ﬁmhwﬁymmnmmmmhhm < O(1),
buoyant spreading occurs in the weakly deflected region. For Ly/L, > O(1), jet-mixing
extends into the strongly deflected region.

Chapter V
Hydrodynsmic Simulation

This chapter discusses the hydrodynamic simulation of the flow. Section 5.1
describes the protocols used for the different flow classes. Section 5.2 provides the
relationships used to estimate the dilution, trajectory, width, and depth in the different
segments of the simulation. The final section, Section 5.3, specifies how the location of
the transition from one module to the next is determined.

5.1. Flow Protocols

The hydrodypamic simulation is a Fortran program linked to the expert system
through the HYDRO3 expert system element. It consists of a series of subroutines, each
of which describes a different region of the flow. Each of these subroutines, termed
"modules®, is used for a region of the flow for which a particular process or processes
dominate. The theoretical development of the different types of flows is detailed in
Chapter I. Table 5.1 lists the different modules used in CORMIX3. There are 17
modules which fall into four categories: The weakly deflected region, the strongly
deflected region, the upstream spreading processes, and the far-field processes. The
following section, Section 5.2, describes the relationships used for each module.

A *flow protocol® refers to the specific series of modules a particular flow class
uses. For example, a flow classified as SA2 will use Modules 301, 318, 328, 341, and
351 sequentially. Tables 5.2a-d list the protocols for each flow class. Note that Module
301, the discharge module, is actually the first module for every flow simulation. It was
excluded from Tables 5.2a-d for the sake of brevity. The transition between modules are
determined according to specific "transition rules® discussed in Section 5.3.

5.2. Sinmilation Modules

The relationships used to estimate the trajectory, dilution, width, and depth of the
flow in each module are discussed in the following subsections. Note that most of the
modules use continuous relationships, that is, they describe the evolution of a flow
process along its trajectory. However, the two upstream spreading modules use a control
volume approach where only the upstream intrusion length, the width of the flow at the
discharge, and the final conditions at the transition are calculated.

The initial conditions at the beginning of each module are subscripted with *i*
while the final conditions are subscripted with *f*. Each module predicts the trajectory
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Table 5.1
CORMIX3 Simulation Modules
Modale No. Description
301 Discharge module
m Weakly defiected jet, 3-D
) 7) Weakly deflecwed jet, 2-D
3 Weakly deflected plume
314 Wall jet, 3-D
315 Wall jet, 2-D
3n Weakly defiected shoreline attached jet, 3-D
318 Wealkdy deflected shoreline attached jet, 2-D
m Strongly deflected jet, 3-D
n Strongly deflected jet, 2-D
B Strongly deflocted plume
k74 Strongly deflected shoreline attached jet, 3-D
7.3 Strongly deflected shoreline attached jet, 2-D
» Strongly deflected shoreline attached plume
31 Upstream spreading
m Upstream spreading with unstable recirculation
341 Buoyant spreading
381 Passive diffusion

) o
Table 5.2a
Flow Protocols for Free Jets
o Flow Zooe "Ror | TRate

FJ1 | Weakly deflected jet, 3-D 1 3 12
Weakly deflected plurne 313 15
Strongly deflected plume 323 24
Buoyant spreading 341 41

Passive diffusion 351
FI2 | Weakly deflected jet, 3-D 311 13
Strongly deflected jet, 3-D 321 2
Strongly deflected plume 323 24
Buoyant spreading 341 41

Passive diffusion 351
FI3 | Weakly deflected jet, 3-D 31 11
Weakly deflected jet, 2-D 312 14
Weakly deflected plume 313 15
Strongly deflected plume 323 24
Buoyant spreading 341 4

Passive diffusion 351
Fi4 | Weakly deflected jet, 3-D 311 11
Weakly deflected jet, 2-D or 312 10
Strongly deflected jet, 3-D 321 21
Strongly deflected jet, 2-D 322 23
Strongly deflected plume, 3-D 323 24
Buoyant spreading 341 41

Passive diffusion 351




Table 5.2d

Flow Protocols for Upstream Intruding Plumes

plotd Flow Zose "N | TRae

PL1 | Upstream intrusion 331 31
Buoyant spreading 341 41
Passive diffusion 351

PL2 | Upstream intrusion with recirculation 332 31
Buoyant spreading 341 41
Passive diffusion 351

PL3 | Buoyant spreading 341 41
Passive diffusion 351

"o *
Table 5.2b
Flow Protocols for Wall Jets
Flow Flow Z Module Transition
Class No. Rule
Wil | wall jet, 3-D 314 16
Buoyant spreading 341 41
Pastive diffusion - . 351
Wi2 | wall jet, 3-D 314 20
Wall jet, 2-D 315 17
Buoyant spreading 341 41
Passive diffusion 351
Table 5.2¢
Flow Protocols for Shoreline-attached Flows
Flow Flow Module { Transition
Class No. Rule
SAl | Weakly deflected shoreline attached jet, 3-D 317 18
Strongly deflected shoreline attached jet, 3-D 327 25
Strongly deflected shoreline atiached plume 329 27
Buoyant spreading 341 41
Passive diffusion 351
SA2 | Weakly deflected shoreline attached jet, 2-D 318 19
Stongly deflected shoreline attached jet, 2-D 328 -
Strongly deflected shoreline attached plume 329 27
Buoyant spreading 341 41
Passive diffusion 351




i

T G R L SR

coordimates (x,y), the centerline concentration and dilution (C and S), and half-width and

depth (b, and b,).

Each of the near-field modules are applied in a local (primed) coordinate system,
This arises from the assumption on which the near field analyses are based, that the
discharge is a point source (for 3-dimensional flows) or a line soarce (for 2-dimeasional
flows). To account for this, a virtual origin is assumed with coordinates (x,,y,). The
conversion from the local coordinate system to the global coordinate system is simply:

&) =&Y + &) 6.0

‘The position of the virtual source is computed by taking the dilution at the end of the
previous module and back calculating the location of the virtual origin using the dilution
equation for the present module, This assures continuity of dilution and concentration.
However, small discontinuities in width and depth may occur.

Discontinuities in width and depth are due to the different definitions used to
describe the concentration profile. For jet-like fiows, the conceatration profile is Ganssian
and the width and depth are defined to be where the concentration is 1/e (37%) of the
centeriine concentration. However, for flows where buoyancy-induced lateral spreading
dominates, the concentration profile is assumed to be a top-hat profile, and in this case
the width and depth definitions are simply defined at the limits of the profile. Figure 5.1

For the passive diffusion region, the concentration profile is assumed to be
Gaussian again, only the width and depth of the flow is defined at 46% of the centerline
valoe, which is (7/2)* times the standard deviation. This width definition was chosen 3o
that it matches the top-hat width definition of the buoyant spreading region while

3.2.1, Discharge Module (MOD30])

The discharge module is the first module of every flow class protocol. For free
jets (Bow classes FI1, FI2, FJ3, and FJ4) and the 3-dimensional shoreline-attached jet
(flow class SA1) it converts the uniform velocity profile of the discharge into a full

gaussian velocity profile (see Figure 5.2a). For these flows, the final width and depth of
the plume are calculated as:

Horizontal
concentration

a) Gaussian concentration profile

icC Horizontal
concentration profile

b) Top-hat concentration profile

Figure 5.1 - Gaussian and Top-hat Width Definitions
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777 7

a) Full gaussian velocity profile

(V]

V)
Horizontol
velocity
profile

b) Wall jet velocity profiles

Figure 5.2 - Discharge Velocity Profiles for a)
Pull Gaussian Discharge and b) Wall jet

by = b .[z )3 5.2)

For the 3-dimensional wall jet (flow ciass WI1), this module converts the discharge
wvelocity profile into a half Gaussian profile (see Figure 5.2b).

by=b, = [":?')% 53)

For the remaining flows, the depth and width relationships are given simply as:

by~ ..2: 5.4
by =k, (5.5)

No dilution is assumed to occur in this module, therefore S, = 1 and C,; = C,. The final
trajectory coordinates are assumed to be at the origin, (xayp = (0,0).

3.2.2. Weakly Deflected Flow Modules

Table 5.3 lists the relationships used in the weakly deflected flow modules. The
theoretical development of these relationships are presented in Section 2.3.3.1. They use
the local coordinate system for the sake of clarity. All but the wall jet relationships were
developed for the two asymptotic cases of o = 90° and ¢ = 0°, which are applied to
discharges with 0 > 45° and o < 45° respectively. The constants (Tsy;, Sy, €tc.)
correspond to the constants used in theoretical development found in Chapter II. The
values of these constants are listed in Table 5.7.

Modules 311, 312, 314, 315, 317, and 318 all use jet mixing processes, therefore

the width and depth (3-dimensional cases only) relationships are based on a Gaussian

profile definitions. Module 313 incorporates buoyancy-induced spreading and therefore
the width and depth definitions are based on a top-hat profile .

5.2.3. Strongly Deflected Flow Modules -

Table 5.4 lists the relationships used in the strongly deflected flow modules. The
theoretical development of these relationships are presented in Section 2.3.3.2. They use

¥
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Table 5.3
Flow Relationships for Weakly Deflected Region
Modules Flow Relationships
311 o2 ‘s‘: 2
& 31T 2 = yoota + —L— 56
sl

- Ssu ¥
§ L, sino 6.7

y
b - Bumlino (5.8)

’
b e 69

o < 45°
y' = xtano - tano (5.10)
suly )

Sy x!
§ LQ CO80 (5.11)

’
b, = BH,,, ~ (5.12)

x
b, = BV — (5.13)

For Module 317 the constants have the subscript 317

® ® .
Table 5.3(cont.)
Flow Relaticaships for Weakly Deflectad Region
Module Flow Relationships
in o 2 45 1 ,
e ¥y s + S0\ (5.19)
T &
Sy
Se=
17 sin'%o (5.15)
b, = BH,, L2
R""TY 6.16)
b, =M (H,, Hy+ysing) 547
o <45 : 2
y = oo sing 5 _ sing o 518
Ty 2 coso
1
seSe 2% b (.19
L? cos'®o by,
x
b= BBy (5.20)
b, = Min (H, , Hy+ysin8 ) s5.21)

° For Module 318 the constants have the sabscript 318




Table 5.3(cont.)

Table 5.3(cont.)
ionthips for Weakiy Defiectsd Ragi
Flow Relationships for Weskly Ragica l Flow Relationships for Weakly Deflected Region
. Fiow Relationships
! Module Flow Relationships
ox45°: i-”m’;zi (-2 -] 314 z[
s Ly 5 = Sy, coso L—q‘ (5.30)
N [;:_)' om
b, = BH,, ¥ .31
b - b.’{ 85, Y b= -5 620
\@Coa®n,) e ] b, = BV’ 632
bYs 629 3
b, =5, [-"!I?) 315 wr 1
A . Sas,, ["‘Z"J x'2 (5.33)
o <45 y' = xtano -—hcx‘ ©206)
T L,
b, = BHy, x' -39
s (.’i'.]' oan
t
by b, = H, (5.35)
- 3 = - 6w
(ZCM)'“L cos¥o
sl ~




Table 5.4 Table 5.4(cont.)
Flow Relationships for Strongly Deflected Region ! ‘ Flow Relationships for Strongly Deflected Region
Msdule Flow Relationships Module Flow Relationships
321 - U | I & 329° Y = Ty L sin®o 28 (5.44)
¥ = Ty, L sin’o 2 (5.36)
5=5 ("‘)’ (5.45)
Are K
= i b.
§ = Say T .37
b-b+( P ]g(xa-xf)% 5.46)
b. - Bﬂm ’l (5.38) - a M ch)ml..
1 b
b, = BV, ¥ (.39 b, =b, (-’,!I-:. 547
() 1
k v.0]
& 328 P SO - (5.40) 327 T 1 1
y m In SI°O . yl - Tm L-! sinlo =3 (5.48)
r (b, R [by+y
S = = 5.41 - S= |2 7
Sy = AT
i
’ - /
b, = BHy ¥ (-42) ! by = BHg, y (5.50)
(5.43) : 551
Tor Moduie 320 the constants Have a SUDSCTIDt 320 and the dubom 15 muluphed Dy an
Tor Module ¢ constants have a pt ution is m Y an additional factor of (by+y)/2by,.

additional factor of (b, +y)/Zb,.




the local coordinate system for the sake of clarity. These relationships are not dependent
on the initial horizontal discharge angle since these flows are bent over in the strongly
deflected regimes. The values of the constants are listed in Table 5.7.

Modules 321, 322, 327, and 328 all use jet mixing processes, therefore the width
and depth relationships (3-dimensional cases only) are based on a Ganssian profile.
Modules 323 and 329 incorporate buoyant spreading and therefore use the top-hat profile.

3.2.4. Upstream Intruding Modules

Table 5.5 lists the relationships used in the upstream intruding flow modules. The
theoretical development of these relationships is presented in Section 2.3.6. These
relationships use a coatrol volume approach, therefore, only the initial and final vatues
are computed. The drag coefficients used in these relationships are listed in Table 5.7.
The width and depth at the end of this module are defined according to a top-hat
conceatration profile.

2.2.3. Far-field Modules

Table 5.6 lists the relationships used in the far-field modules. The theoretical
development of these relationships are presented in Section 2.4. Since these modules do
not use a virtual origin, the relationships are expressed in the global coordinates. The
centerline trajectory is a straight line with no Iateral progression. However, if the plume
interacts with a bank, the centerline shifts over to that bank and the spreading process is
limited t0 one frontal zone. The drag coefficients used in the width expressions are listed
in Table 5.7.

3. Transition Rules

Transition rules define the extent of each module. The location of the transition
from one module to the next depends on both the current module and the succeeding
module, Table 5.8 lists the transition rules used in CORMIX3 and the modules for which

- they apply. The constants for the transition rules are lissed in Table 5.9. Except for some
possible discontinuities in width and depth, the transition from one module to the next is
generally a smooth one.

Some of the transition rules use the primed coordinate system while others use the
global coordinate system. It is possible that the location of the transition as determined
by the transition rule may aiready be exceeded, that is, the starting point of the module
is farther downstream than the ending point for that module. This means the flow process
described by that module is insignificant and therefore the module is skipped.

Table 5.5
Flow Relationships for Upstream Intruding Modules
Module Flow Relationship
331 LY® b L,
- 22T 2 ; L <281 5.52
x, 4.21.,(1..] 3 L.‘ (.52
b L
5, =19+ 2 ; T,', >281 (5.53)
s._08 Lf (5.54)
("ij)“ LQ
b= 401, (5.55)
oS
by Bt .56
- 5 - S .57
L,

('l‘hexemainingeqmﬁonsmﬂ:eameuforModule33lshown
above)
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Table 5.6 Table 5.6(cont.)
Flow Relationships for Far-field Processes , Flow Relationships for Far-field Processes
Module Flow Relationship Module Flow Relationship
341 ] ! E 2
s=5 (3] 659 332 b o[ E2 cxomy [ 6.2
b if section is unbounded:
b, =b, (b—~ 5.59) :
/
- by =by |1+ Ezﬁ‘;"_ﬂ]’ ’ 663
if not bank attached 3u b
b= 31 __pm,
' [ *lac,ye * ¢ ")r (5.60) ] if section is bounded:
Ex
if bank attached: J b, =[-u‘—.(x-x.) +b:]m (5.64)
b= .3 __1 -
s [ C T Tacn L x')r 661 if not attached to bank:
2,
S = 5.65
LI, (5.65)
1 if bank attached:
b
i S= Pa (5.66)
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: Table 5.7(cont.)
Table 5.7
' Hydrodynamic Simulation Constants
Hydrodynamic Simulation Constants '
. i Coefficient(s) Valve Source(s) er Comments
Coefficient(s) Valoe Source(s) or Comments ) <
; Cos 0.5 See E
y T, Y, 1.6 | A) Adapted form Jirka et al. (1981), and Chu
Ty, Tan and Jiria (1986) Cos1 0.8 Sec E
Sa11:S31aSspy 0.13 | B) Adapted from Wright (1977), Fischer et al. Cpaz 09 |SecE
(1979), List (1982), Holley and Jirka (1986),
and Lee et al. (1987) Cpat 2.0 | F) Simpson (1982), and Jirka and Arita (1987)
BH,,;,BVy,;, BH;),, 0.11 }SeeB B 0.25 | SecF
BVy,,,BHy5.BVy)y
Tarz 2.7 C) Akur (1990)
S312:53s 0.58 | SeeC .
i
BHy,,,BH,,s,BHyy 0.14 | SeeC
BH,,4,BH;5,BH;, 0.031 | From pear-fieid buoyant spreading analysis .
(Section 2.3.2.2)
Syis 0.41 Adapted from Holley and Jirka (1986)
T,l-,,Tm.Tm,T,” 0.8 D) From shoreline attached flow W
analysis (Section 2.3.5)
Ty 19 |SeeD
Sy21:53m:831, 83 0.15 |SeeB
i
BH!ZI -thmm. 0.30 See B
BH37,BV37,BHyye ;
Sayy 0.9 E) Jones et al. (1982), and Chu and Jirka
(1981)
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Table 5.8
Transition Rules
o | Current Next oo
X Modu Modul Equation
1 311 312 o -H: o H gino
VX - [ .V’xl
b,y = Hp*ysind:
y' - Hp-(BY,, Jsinc)y, -y
7 BV feinc)esind 7
10 312 322 ] -
13 311 321 0245  y =TC L,
15 313 323 ] '
18 317 327 0<45:  x =TCL,
19 318 328
12 311 313 y ‘.
14 312 313 0245y = TG, Lysine
0 <45: xll = TG, Lycosa
16 314 341
17 315 341 Xy = TC Ly
20 314 315 , H,
7
21 321 K7) b H: o= H,
vamx 'Y 1T m
Wm
) . Hp, vy sind
b, pes = Hp+sind: y, m
IR = Jransition

** For transition rule constants TC;,,, xx stands for the transition rule (TR)
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Table 5.8(cont.)
Transition Rules
. Current Next -
TR” | Module | Module Equation
2 321 323
23 322 3 Ye= TCuly
25 327 329
24 323 341
Y; = T ls
26 328 341 71,
Xt " 0.556 + 1.7(1,/BS)
27 329 341
xi' = TCuxlp
31 331 341
332 341 %=3b,,
41 341 351 s )3
rex 2 nu; 8Lk, ’—lb,z
7N ) A,

TR = Transition Rule

FormnsmonmleeonsmtsTC,n,xxsmMsfoﬂhemnonmh(fR)
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Table 5.9
TR Constants Valoe Source{s) or Comments
, , 3.8 | A) Criteria for maximum surface jet depth as
TT%J::?TEC:;.M per Jirka et al. (1981)
Tc.\n- T
TCsum TCuan 27 |SeeA
’ 2.0 | B) From Chu and Jirka (1986) trajectory data
TCypas TCassa e 2D
TCaims TCassas 10 |SeB
TCSuCa TcMMv
TCaiems TCassas
TCam
TCyz 3.0 | Minimum penetration into channel as per Akar
(1990)
TCaas 1.9 } Fromm analysis of shoreline attaced flow
trajectories (Section 2.3.5)
TG 5.0 | Wake atachment criteria as per Doneker and

Jitka (1990)

Chapter VI
System Verification

In this section CORMIX3 results are compared with various laboratory
experimeats and field studies. It is not intended as a comprebensive validation of
CORMIX3 with all available data, but rather a test of the more common flow class
simuolations. These comparisons illustrate. the fiexibility of CORMIX3 to provide
rexsonable predictions for various prevalent flow configurations.

CORMIX3 considers many possible flow configurations. Unfortunately, studies
on buoyant surface jets are very limited and Iaboratory experiments of many of the flow
classes do not exist in a form lending themselves to quantitative comparisons. For the
more basic flow configurations, sample cases have been chosen which typify the

This chapter consists of two sections. Section 6.1 discusses several comparisons
between laboratory experiments and CORMIX3 predictions. Section 6.2 provides
comparisons between three field studies and the corresponding CORMIX3 predictions.

1. Comparison with Laboratory Dats

The correlation of CORMIX3 predictions and laboratory experiments is divided
into two subsections. The first subsection, Section 6.1.1, provides results of buoyant
surface jet experiments in stagnant environments. The second subsection, Section 6.1.2,
discusses the results of buoyant surface discharges into ambient crossflows.

6.1.1. Discharge into S Envi

CORMIX3 predictions of stagnant cases are compared with experiments run by
Wolanski and Koh (1973) and Hayashi and Shuto (1967). The experiments of Wolanski
and Koh illustrate the effect of buoyancy on the lateral spreading of a surface jet in the
pear-field. The Hayashi and Shuto experiment further exemplifies the predictability of the
near-field flow and the unsteadiness of the region beyond the near-field.

The two tests by Wolanski and Koh depicted in Figures 6.1a and 6.1b differ only
in the buoyancy of the discharge. Figure 6.1a shows a non-buoyant discharge while
Figure 6.1b is for a surface jet with a density significantly less than the ambient waser.
It is obvious from these two experiments that buoyancy greatly increases the lateral
spreading of the jet. Note the non-buoyant jet spreads at a relatively constant and weak
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rate while the buoyant jet spreads at a much larger non-linear rate. In both cases,
CORMIX3 predicts the width of the jet well.

. Figure 6.2 shows ceaterline temperature measurements of the buoyant surface jet
experiment by Wolanski and Koh. Note the large initial dilution near the source. This is
attributed to the relatively large jet-mixing near the discharge. Further from the source,
the rate of mixing decreases as the buoyant force suppresses the vertical mixing. There
is good agreement between the CORMIX3 prediction and the observed centerline
temperature.

The comparison to Hayashi and Shuto’s experiment shown in Figure 6.3 illustrates
the effect of the buoyancy-induced spreading in the near-field and provides support for
predictive capabilities of CORMIX3 for this type of flow. Note that up to the transition
distance y,, a steady-state jet is formed. However, beyond this transition distance an
unsteady buoyant pool of effluent is formed that continually spreads outward. CORMIX3
predicts the lateral spreading in the near-field case well, but does not deal with the
unsteady far-field of the flow.

Comparisons of CORMIX3 predictions with laboratory experiments of surface
buoyant jets in a crossflow will be divided according to three of the flow categories: free
jets, shoreline attached jets, and upstream intruding plumes.

6.1.2.1. Free Jet Comparisons

Free jet comparisons are made with data from two investigators: The Delft
Hydraulics Laboratory (1983) and Motz and Benedict (1970). The two Delft experiments
illustrate the difference in flow trajectories and dilutions if the velocity ratio is kept
constant and the discharge temperature is varied. On the other hand, the Motz and
Benedict experiments both have the same discharge temperature but have differeat
discharge velocities.

Figures 6.4a and 6.4b show the surface isotherms of the two experiments run at
the Delft Hydraulics Laboratory. For both the experimeats, the velocity ratio was
maintained at 10. The experiment depicted in Figure 6.4a had a higher discharge
temperature than the experiment in Figure 6.4b and, as & result, penetrates slightly further
inso the ambient current due to increased thinning of the plume,

In both cases, CORMIX3 slightly underpredicts the penetration into the crossflow.

This may be caused by not accounting for the velocity profile of the ambient flow
properly. Because of the no-slip condition at the basin wall, the ambient flow velocity
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Figure 6.2 - Centerline temperature measurements for
the buoyant surface discharge experiment by Wolanki E
and Koh (1973) shown in Figure 6.1b ®
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Figure 6.4a - Comparison between CORMIX3 predictions
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and a surface buoyant free jet experiment (from
the Delft Hydraulics Laboratory, 1983)
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Figure 6.4b - Comparison between CORMIX3 predictions
and a surface buoyant free jet experiment (from

the Delft Hydraulics Laboratory, 1983)




near the wall may be significantly lower than the average ambient flow velocity. In
addition, the width predictions near the source tend to be too low. However, this error
becomes much less further from the source.

Figures 6.5a and 6.5b show the ceaterline temperature measurements for the two
in Figure 6.5a has slightly lower dilution which may be attributed to increased
suppression of the vertical mixing cansed by the larger buoyancy force. The slight effect

of increased buoyancy on both trajectory and dilution is reflected in the CORMIX3

predictions which, for both experiments, show reasonably good agreement.

Figure 6.6 show the measured centerline trajectories for the Motz and Benedict
experiments. Figures 6.7a and 6.7b depict the corresponding centerfine temperatore
measurements. These two experiments were nin with the same initial temperature
difference, but with different discharpe velocities. As expected, the flow with the higher
discharge velocity penctrates much farther into the ambient crossflow. CORMIX3 shows
good agreement with both the trajectory and temperature data.

6.1.2.2, Shoreline Attached Jet Comparisons

CORMIX3 predictions of shoreline attached jets are compared with experiments
run by the Delft Hydraulics Laboratory (1983) and Abdelwahed and Chu (1981). The two
experiments by the Delft Hydraulics Laboratory illustrate the effect of varying the
ambient velocity while keeping the discharge velocity and buoyancy constant. The two
Abdelwahed and Chu resuits are from experiments for which several flow parameters
were varied.

Figures 6.82 and 6.8b show the surface isotherms of the two Delft experiments.
Note the significant effect on the trajectory of the plumes caused by increasing the
velocity ratio. The discharge with a higher velocity ratio shown in Figure 6.82 penetrates
further into the crossflow, yet retains a zone of recirculation along the shore in the near-
experimental results. The CORMIX3 trajectory prediction for the experiment with a lower
velocity ratio shown in Figure 6.8b overpredicts the lateral penetration inso the crossflow.
However, the lateral penctration is within approximately 30% of the measured trajectory
which is reasonable considering the complexity of the flow and the range of experimental
efror.

Figures 6.92 and 6.9b show the ceaterline temperature measurements and the
corresponding CORMIX3 predictions. Again discrepancies between the CORMIX3
predictions and the measured valves are acceptable for such complicated flows.
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a) Temperature Measurements for Figure 6.4a
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a) Temperature Measurements for Figure 6.4b

Figure 6.5 ~ Centerline temperature measurepents and
the corresponding CORMIX3 predictions for the Delft
free jet experiments in Figure 6.4 (from the
Delft Hydraulics Laboratory, 1983)
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Figure 6.6 - Measured free jet trajectories and the
corresponding CORMIX3 predictions (from Motz
and Benedict, 1970)
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Figure 6.7 - Centerline temperature measurements and
the corresponding CORMIX3 predictions for the free jet
experiments in Figure 6.6 (from Motz and Benedict, 1970)
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Pigure 6.8 - Isotherms of shoreline attached flows
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Pigure 6.9 ~ Centerline temperature measurements and
the corresponding CORMIX3 predictions for the shoreline
attached experiments in Figure 6.8 (from the
Delft Hydraulics Laboratory, 2983)
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Figures 6.10a and 6.10b preseat the visoal outline of the Abdelwahed and Chu -

experiments. These experiments have different discharge velocities, initial buoyancy, and
mmmmwmmmmmum

can be observed. The run with the lJower Froude number shown in
mmmm:mmmm»mwmm Note that
CORMIX3 satisfactorily predicts the trajectory and width of these flows.

For all the shoreline fiows, a recirculation zone exists along the downstream benk.
Although CORMIX3 does not predict the width of these zones, they made be estimated

using the jet width in the near-field. The recirculation zone extends the length of the near-

ficld. This is illustrated in Figures 6.8a, 6.8b, 6.10a, and 6.10b.

6.1.2.3. Upstream-intruding Plume Comparisons

The two upstream-intruding plume experiments discussed in this section were
" performed by Huq (1983) and Kuhiman and Prahl (1974). Huq performed radial surface

discharge experiments similar to those used by Jones et al. (1985) whose theory for
upstream intruding plumes has been adopted for use in CORMIX3, Kuhlman and Prahl
used a side discharge channel as is assumed for CORMIX3.

Figure 6.11 shows the visual outline and isotherms of Huq’s radial discharge
expetiment. Since CORMIX3 uses a control volume approach in the near-field, onaly a
few key characteristics of the flow are calculated for the near-field, including the extent
of upstream intrusion and the width of the plume at the discharge. The plume outline as
predicted by CORMIX3 is interpolated between these two values. As shown in Figure
6.11, these two geometric parameters can be used to adequately describe the geometry
of the upstream intrusion.

‘The comparison with the Kuhlman and Prahl experiment is shown in Figure 6.12.
CORMIX3 appears to provide reasonable predictions of the upstream intrusion. The
apparent overprediction of the width is most likely due to the limited width of the
laborasory receiving water which reduces the horizontal penetration of the flow. In the
CORMIX3 simulation output, the user is warned that the far-field prediction may be
inaccurate because of the interaction of the plume with the far bank in the near-field.

6.2, Comparisons with Field Studies

Three field studies were chosen o test CORMIX3 against actmal discharge
situations and to illustrate the applicability of CORMIX3 to realistic conditions. The first
field stady was performed at the Point Beach Nuclear Power Plant located on the
‘Wisconsin shoreline of Lake Michigan. The seoond was conducted for the Palisades

54
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b) Visual plume outline for second experiment

Figure 6.10 -~ Visual plume outlines for shoreline
attached experiments and the corresponding
CORMIX3 predictions (from Abdelwahed and Chu, 1981)
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by being applied to the flow of the Connecticat River into the Long Island Sound. .
. ]
6.2.1. Point Beach Nuclear Power Plant
J
The Point Beach Nuclear Power Plant is located on the western shore of Lake — '
Michigmn. It discharges an average of 25.1 m*/s of water used 10 cool condensers in the
piant @rough one of two flumes that protrude into the lake about 55 m at sngles of 60° S
and 120°. The heated water is discharged at an excess temperature of 8.3°C into a . A
shallow ambient environment. The width of the discharge flumes are 10.7 m and the ; /
depth of flow in the flumes during this stody was 4.0 m. : \ / /
The ambient current in this stady was reported as O m/s. However, it is rare to 3 N \
have completely stagnant conditions in a lake as large as Lake Michigan. By observing ~N m
the isoerms shown in Figure 6.13, it appears that there might have been a small |
crosscarrent. Since most currest meters have a minimum threshold of detection of o _
approximately 5 cm/s, it is reasonable to suspect that a current with the magnitude of ]
several cm/s existed. For this reason, and to get a compiete prediction of nesr and far- - | 5
field regions, a ambient current of 3 cm/s was used in the CORMIX3 prediction. o, M |
As seen in Figure 6.13, CORMIX3 shows adequate agreement with the measured m o E% _ «
EFU&BE%%’BED&EEGEEE«E : X0 |
underpeediction of the trajectory may be due 10 overestimating the smbient current. The 4 » = . |
temperatare predictions are in gg;gigg - . m . /
measured and predicted centerline values being about 1°C. The width prediction also S N\ < n
predicts well the large buoyant spreading that can be observed. 5 © // N /
-~ @ -
6.2.2. Paisades Nlear Power Plant NN //w 7
a = // //4 \
The Palisades Nuclear Power Plant is Jocated on the eastern shore of Lake 8% §3 X K
Eiggﬁﬂﬂ 25.5 m'/s of beated cffluent into & .E_S N 3 gt —
ambient exvironment. In this case, cooling water is discharged through a 28.3 .. ©e =% -
Eganggw.—sgnggggﬂn&o - £8 .02 /
m/s. The channel enters along a straight shoreline at BBn—o%ngo ] ST -.v.n..w.w ~
The temperature excess of the effiuent was measured at . oA W.Hnr. N o
- L Y]
Figure 6.14 shows the measured isotherms of the discharge and the CORMIX3 u .m W_ " G
%Enﬁﬂﬂ.ﬁoguggg!ﬁ&gg al ol wa
reduces the dilution of the heated efflueat. CORMIX3 predicts both the geometry of the
flow and the surface temperature fairly well.
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R=0.62

~—~ Syrfaoce isotherm (°C)

Palisades Power Plont:
CORMIX3:

~~= Predicled widih

Eg%ggggagggug&
by Garvine (1974). The mouth of the Connecticut River is approximately 1300 m wide
u Esgniggag~wsggaﬁﬁgg

layger than that allowed by CORMIX3. Therefore, as an approximation of the situation,
u the discharge area and velocity was kept the same, but the width was reduced o0 218.7
m sod the depth was increased 10 11 m. It is expected that this schematization of the
] discharge channel has not effected the results to anmy great extent since reasonable
n.m g!ﬂng
T The fresh water of the Connecticut River eaters fhe Sound with a velocity of 0.67
- m/s, approximately the same velocity as the ambient current. The discharge is positively
Ede buoyant due to the difference between the fresh water of the Connecticut River and the
nm uaD saline ambient environment.
oewnY
mw cmhm Figure 6.15 shows the CORMIX3 predictions as compared to the measured vaines
.m s . of the plume outline as reported by Jones et al. (1985). Although the model appears to
o FEE) slightly overpredict the spreading of the plume, the discrepancies are well within the
3e? range of error of the field measurements.
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Chapter VII
Applications of CORMIX3

The first section of this chapter, Section 7.1, illustrates the use of CORMIX3 with
a hypothetical situation involving the discharge of heated effiuent from a power plant into
a tidal estuary. It exemplifies the schematization of the ambient and discharge conditions,
specification of legal mixing rones, and interpretation of the numerical simulation results.
In the second section, Section 7.2, some comments on the applications and limitations of
CORMIX3 are discussed.

7.1. AB Power Plant Discharge Analysis

This example considers the effect of tidal variation oo the expected trajectory,
dilution, and geometric characteristics of the effiluent flow. The discharger is the AB
Municipal Power Plant, whose responsibility is to assure the minimization of any adverse
affects arising from the warm water discharge on the estugrine environment. First, the
parameters of the problem are defined in Section 7.1.1 for the two cases in consideration,
low tide and high tide. In Section 7.1.2 the use of CORMIX3 to analyze these scenarios

Z1.1, Problem Statement

The AB Power Plant discharges a constant flow of 60 m’/s of heated water into
a tidal estuary as shown in Figure 7.1. The temperature of the effluent is 26°C. The
discharge channel is 10 m in width and the depth of flow at the mouth of the chammel
varies from 2.2 m to 2.5 m from low to high tide, respectively. A detailed cross-section
of the outlet of the discharge channel is shown in Figure 7.2.

The estuary is narrow in the region where the plant is Jocated, being oaly 3 km
in width (see Figure 7.3). During low tide, the current reaches a maximum of 0.30 m/s
in the downstream direction. However, as high tide approaches, the flow reverses and
reaches a velocity of 0.025 m/s in the opposite direction (see Figure 7.1). The average
depth of the estuary varies from 7.7 m during low tide to 8 m during high tide. The
average ambient temperature is 10°C. A typical Manning’s n roughness for the estoary
is 0.02.

As seen in Figure 7.1, the intake of water for the plant is located just upstream

of the discharge, and it is a primary objective of the plant operators to prevent any
discharged effluent from being drawn into the intake channel. In addition, state law
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Figure 7.1 ~ Plan viev of the design case discharge area.

4 °C outside a radins of 300 m from the discharge point.

.12, CORMIX3 Analysis

Two scenarios will be considered separmely. First, low tide conditions are
examined in Section 7.1.2.1, and then the high tide predictions are discussed in Section
7.1.2.2.

7.1.2.1. Low Tide Scenario

First, the ambient and discharge peometry mmst be simplified. Figures 7.1, 7.2,
and 7.3 shows bow this case can be approximsted for CORMIX3 input. Note that
generally, ambient conditions are highly varisble and that simplification of this type may
mumﬂywmmmmmuﬂmy,vmgm
ambient and discharge schematizations ® observe the sensitivity to various input
parameters.

Once the appropriate input is eatered, CORMIX3 executes the PARAM3 and
CLASS3 elements sequentially. In this case, the discharge is classified as SA2. As
described in CLASS3, the SA2 flow class is fully vertically mixed in the near-field and
recirculation zooe exists along the downstream shoreline. In the far-field, the flow
restratifies and spreads laterally due to buoyancy foeces. In the HYDRO3 element, the
actual mathematical simulation is performed. As shown in Figure 7.4, the recirculation
region extends approximately 3.5 km downstream to the point at which the flow
restratifies. A vertical downstream cross-section of the flow is shown in Figure 7.5.

In this case, ﬂ:esnmmndaxdofAT-PCinotmnﬂcedgeofthemix:ing
zone. As seen in Figure 7.4, the temperature at 300 m from the source is 16°C, giving
a tempenature difference of 6°C. This is due to the recirculation of the heated effluent
along the bank and the speed in which the ambient current carries it downstream outside
the legal mixing zone. However, the flow is unlikely to interfere with the intake,

The summary clement of CORMIX3, SUM3, gives suggestions on how to
improve injtial dilution to meet the legal mixing vone requirements. However, since there
cannot be universally applicable rules for increasing dilution characteristics, the analyst
must use an iterative approach to find the most effective way to optimize the design. Only
by changing the parameters and observing the effects on the results can the user be
assured of the cormect flow simulation and optimization.
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7.1.2.2. High Tide Scenario

The high tide case employs the same discharge and ambient schematization as for
] l the Jow tide scenario shown in Figures 7.1, 7.2, and 7.3, but changes the ambient flow
velocity, ambient depth, and discharpe depth. As a result, the flow is classified as an FJ3.

N According to the flow description given in CLASS3, the effluent stream will interact with
1 ] the bottom in the near-field, then restratify and spread lazerally as it is defiected by the

. crossflow. The flow class FJ3 also shows no interaction with the near shoreline.

In running the hydrodynamic simulation, the analyst notes the flow interacts with
the opposite bank quite stroagly. This is shown in the plan view as illustrated in Figure
7.6. The crossflow is very weak, therefore the flow is only slightly deflected. Strong
lateral spreading occurs in the near-field as shown in Figure 7.6. Figure 7.7 shows a
cross-section along the flow trajectory centerline as obtained from the mathematical
simulation. The interaction with the bottom occurs only 31 m from the discharge, and
buoyant restratification occurs 218 m from the source. CORMIX3 ends the simulation at
the point of interaction with the opposite bank.

ign case.

Restratificotion

For this case, the flow meets the State criteria at the edge of the legal mixing

zone. As noted on Figure 7.4, the temperature difference at 300 m from the source is

’ 13.2°C, giving a temperature rise of 3.2°C above the ambient temperature. This is

] » below the 4 * C limit set by the State. In addition, it appears that the flow is not likely o

The interaction of the plume with the opposite shoreline may be of concern,
depending on the regulations that apply and the activities occurring there. For example,
i if a public beach were located on the opposite shore, it is likely that stricter water quality

standards would have to be met, and alternative discharge designs may have to be
considered.

113, Comments

.5 = Cross-section of the CORMIX3 predictions

the low tide scenario of the des

S‘ronqu deflected
horeline ottached

Discharge
s

- The approach used to analyze this tidal situation assumes "quasi-steady® conditions

exist. That is, although the ambient conditions change with time, the time-scale of the

tidal variations are much larger than the time-scale of the near-field mixing processes,

therefore, each scenario is assumed to be independent of the previous conditions. One

should note, however, that in general this is not true, especially for far-field predictions.

i For farther discussion on the effects of tidal variations on surface discharges, see Jirka
et al. (1975).
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Figure 7
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example, as with most discharge situations, significantly different flow patterns are

<
{E‘f E . The importance of iterative use of CORMIX3 must also be stressed. In this
"
g predicted with changes in the ambient conditions. Since ambient and discharge conditions
]

©
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Figure 7.6 - Plan view of the CORMIX3 predictions
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e

mntdyhownwimmoaﬁnty.nhimpunﬁwﬁtwhmuincopl.n_cm
analyze any realistic scenario, repeated runs must be made to determine the sensitivity of
the predictions to varying ambient parameters.

7.2. Limitations and Applicability of CORMIX3

CORMIX3 is intended %0 be a2 robust modeling program capable of handling a
widemiayofpodﬁvdymdmﬂy.bmtmﬁoedisdm.w..
limitations still exist. For example, CORMIX3 is not intended for application to
negatively buoyant discharges. Additional limitations are discussed in Section 7.2.1.

mm,hmm,umnmmhm
direct application is not intended. For example, CORMIX3 may be "tricked” 10 predict
simple negatively buoyant discharges. This and other adaptations of CORMIX3 to
atypical sitnations are discussed in Section 7.2.2.

7.2.1. Limitations.of CORMIG

Thelimixaﬁonsofcommemybecawgoﬁzedinmm.gmﬂgxmps:.(x)
ﬂowchsswmaﬁosdmmbeqnanﬁnﬁvdypmdicmd.(b)odddgdggeormbfm
geometries that cannot be schematized, and (c) scenarios with sigmificant ambient

(ommhmnwmhﬂwdm.m:dm_i&:
discharge classified as and upstream intruding plume in a stagnant emvironment,
resulting flow in this case is an unsteady pool of effluent that forms at the mouth of the
dischngednnnd.lnaddiﬁm,CORMDGanoalypredi:ﬂnmgimofﬂowgrdn
discharge for all stagnant cases due to the inherent unsteadiness of the far-field in such
cases. Also, if strong interaction with a shoreline occurs that may severely disrupt the
flow so that prediction of the flow would be difficult or impossible, the simulation will
terminate at the point of this interaction.

() Extreme discharge and ambient geometries cannot be accounted for by
CORMIX3. For example, the aspect ratio of the discharge is limited %0 a range of 0.05
b2.0.Albmghappoximﬁomanbemadefordixhngechamﬂswhh_asgun'ﬁm
that fall outside this range such as described in Section 6.2.3 for the Connecticut River
field study, caution should be used in doing so to avoid misrepresentation of the
me@mm,mmdmmmu.m
mouth of the discharge, Hy,, cannot be significantly greater than the average ambient
water depth, H,. :

(c) The ability of CORMIX3 to accurately predict the characteristics of s fiow that
fnlkmdwbmdaﬁnebetweentwoﬂowdmusuaﬂyreqtﬁmmpeﬁﬁveminm
blppledaud:emsiﬁvi!yofmemnn.Byminimmemsiﬁvitymcuﬁn
parameters that are might affect the flow, the user can obtain a "feel® for the true nature
of the flow.

7.2.2.1. Adaptation of CORMIX3 to Negatively Buoyant Discharges Issuing at the
Bottom of the Water Body

CORMIX3 may be adapted for use on non-buoyant discharges if the bottom
geomeuyofthemedvingmisdmplc.msimpﬁeﬂmthedischargechmndis
beamdathebouomofﬂaeambhtmbodyofwhichﬂueismsigniﬁmt:bpew
ineguhﬁﬁu.ﬂemmustﬂminmﬂipﬂtpicﬁneupsidedownnmme
bouomofthemcdvingmhody:ppeusmbeme'mﬁce‘nwhichthedisdmgek
mByspedfyingndmﬁtydiﬁumoeequﬂmﬂtadsﬁngme,bmdesigmﬁngﬂt

. discharge as less dense than the ambient, the flow may be simulated as if it were a mirror

image of the actual flow.

lnmchasa,CORMDBwilld:m‘fyﬂaeﬂowmdpredictmemnﬁng
trajectory, dﬂuﬁmandgeomeuylsiﬁtmaposiﬁvelybwymdisdmzeimndnme
surface of the water. The user must then correctly interpret the results as the mirror
imageandacoomtformymomlisthatﬂ:eboﬂommayminmepmdiqion.A
ﬁmihrappmachisdimssedbmeekuandJirh(l”O)foradapﬁngCORhﬂxlm
mbmagedsinglemdinhaxgamtheanﬁceof!herwdﬁngm.

7.2.2.2. Simplification of Irregular Discharge Geometries

CORMDBa]naﬂowsforbod:mctangulardischargechanndsmdcimuhr(pipe)
discharges assuming that the pipe is flowing full. In fact, pipe discharges may be slightly
submerged, but by no more than one-half pipe diameter for them to be considered a
surface discharge. Ifd:eums-aecﬁonisanoddshape(i.e.:apipeﬂowingparﬁanyﬁm).
then an equivalent rectangular cross section should be used with an equivalent discharge
area and width-to-depth ratio. .
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Appendix A
Design Recommendations

A relisble environmental analysis and mixing zone prediction is possible only if
each design case is evaluated through several iterations of CORMIX3. Small changes in
ambient or discharge design conditions can sometimes cause drastic shifts in the
applicable flow class and the size or appearance of mixing zomes. Iterative use of
CORMIX3 will give information on the sensitivity of predicted results on design and
ambient conditions. Each predictive case should be carefully assessed as to:

- size and shape of LMZ

- conditions in the TDZ (if present)
- bottom impact of the discharge flow
- bank attachment, and other factors.

In general, iteration should be conducted in the following order:

C) Discharge flow changes (prooess variations)

‘When investigating these variations the CORMIX3 user will quickly appreciate the
fact that mixing conditions at short distances (pear-field) are usually quite seasitive and
controllable. In contrast, mixing conditions at large distances (far-field) often show little
seasitivity unless the ambient conditions change substantially or drastic process variations
are introduced.

A) DISCHARGE GEOMETRY CHANGES:

Most of the following recommendations are motivated by the desire of improving
conditions in the applicable mixing zones (i.e. minimizing concentrations and/or areal
extent).

)] Duchargedq)m.lnuumgthedqxhoftheamblmtwmbodyatthe
discharge location discourages bottom interaction and subsequently
downstream bank attachment. The effectiveness if increasing the total
depth at the discharge depends on the buoyancy and the initial momentum
of the discharge.

2) Aspect ratio: By decreasing the depth of the discharge channe! and
increasing its width, the discharge is encouraged to propagate further into
the channel. This also may lead to a small increase in the-initial surface
area of the plume. Note, however, that CORMIX3 is limited to discharge
channels with aspect ratios between 0.5 and 2,




ki

K)) Horizontal angle: The larger the angle between the downstream bank and
the discharge channel centerline, the less likely shoreline attachment will
occur. This may be desirable since shoreline attachment geserally leads to
decreased dilutions and higher pollutant concentrations along the near
bank.

B) SENSITIVITY TO AMBIENT CONDITIONS:

. Variations - of the order of 10 percent - of the following ambient design
conditions should be considered:

- ambient velocity (or ambient flowrate)
- ambient depth (or river/tidal stage)
- ambient deasity structure (notably deasity differences)

Such variability is important for two reasons:

1) the usual uncertainty in ambient environmental data,
2) the schematization employed by CORMIX3.

Please refer o the detailed advice on the specification of environmental data that
is available in program element DATIN3. In particular, note the advisory comments on
stagnant ambient coaditions.

C) DISCHARGE FLOW CHANGES (PROCESS VARIATIONS):

Actnl process changes can result in variations of one or more of three parameters
associmed with the discharpe; flowrate, density, or pollutant conceatration. In some
cases, such process changes may be difficult to achieve or too cosly. Note, that
“off-design” conditions in which a discharge operates below its full capacity also fall into
this category.

1 Pollutant mass flux: The total pollutant mass flux is the product of
discharge flow (m**3/s) times the discharge pollutant comcentration (in
arbitrary units). Thus, decreasing the pollutant mass flux will, in general,
decrease the sesulting pollutant concentration in the ncar-field and
far-fiedd. This occurs, of course, during off-design conditions.

2) Discharge flow: For a given pollutant mass flux, an increase in discharge
flow implies an decrease in discharge pollutant concentration, and vice
verss. Although, for the variety of flow classes contzined in CORMIX3
there is no universal rule whether high or low volume discharges are

™

3)

prefenable for optimizing near-field mixing, increased di: :aarge velocities
geaenlly increase initial mixing. Mostly, the sensitivity is small, and even
more so for far-field effects.

Discharge density: The actual density of the discharge flow controls the
buoyancy effects relative to the ambient water. Occasionally, the
discharge density is controllable through the amount of process heating or
cooling occurring prior to discharge. Near-field mixing may be enhanced
or degraded by increasing the total density difference between discharge
flow and ambient water. In most cases, however, this effect is minor.

)




Appendix B
Flow Class Descriptions
FLOW CLASS FI1

Mﬂowchsexhibiumhnkinmcﬁmumwainmnw-ﬂqm.
It is oriented at a large enough angle from the downstream shoreline to prevent shoreline
attachment. The buoyancy is relatively strong and will distort the cross-section of the
flow significantly near the source.

The flow coasists of the following regimes:

1) Weakly deflected 3-dimensional jet: The mixing is dominaed by the initial
momentum, causing relatively constant spreading in both the horizootal and the
vertical directions. The deflection by the ambient crossflow is relatively weak.

2) Weakly deflected plume: The fiow cross-section becomes distorted by the buoyancy,
resulting in thinning of the flow and increased non-linear lateral spreading. The
dilution is reduced in this regime due to suppression of the vestical mixing by
buoyancy forces.

3) Sumglydeﬂmdplume:mmofﬂneﬂqwis distorted due to
buoyancy-induced lateral spreading. This may resuit in thinning of the plume. The
flow is strongly deflected by the ambient current.

4) Fu-ﬁddbwyantsp:uding:mplumewhmnylbngﬁemfweyhﬂe
being advected downstream with the ambient current. There is no net change in the
centerline trajectory. The mixing rate is relatively small and the thickness may
decrease in this regime. The plume may interact with the shoreline,

$) Passive ambient diffusion: The ambient turbulence becomes the predominant mixing
process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient turbulence. The
flow may interact with the bottom or the shoreline in this regime.

SPECIAL CASE: If the receiving water is stagnant, the simulation will terminate at the
end of the weakly deflected plume regime (2).

FLOW CLASS F2

This flow exhibits no bank interaction or bottom interaction in the pear-field. 1t is
oriented at a large enough angle from the downstream shoreline to prevent shoreline
attachment. The buoyancy is strong to distort the cross-section of the flow in the
near-field.

The flow consists of the following regimes:

1) Weakly deflected 3-dimensional jet: The mixing is dominated by the initial
momentum, causing relatively constant spreading in both the horizoatal and the
verstical directions. The deflection by the ambient crossflow is relatively weak.

2) Strongly deflected 3-dimensional jet: The is dominated by the initial momentum,
causing relatively constant spreading in both the horizontal and vertical directions.
The flow is strongly deflected by the ambient current.

3) Strongly defiected plume: The cross-section of the flow is distorted due to
buoyancy-induced lateral spreading. This may result in thinning of the plume. The
flow is strongly deflected by the ambient current.

4) Far-field buoyant spreading: The plume spreads laterally along the surface while
being advected downstream with the ambient current. There is no net change in the
centerline trajectory. The mixing rate is relatively small and the thicimess may
decrease in this regime. The plume may interact with the shoreline.

5) Passive ambient diffusion: The ambient turbulence becomes the predominant mixing
process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient turbulence. The
flow may interact with the bottom or the shoreline in this regime. .

SPECIAL CASE: If the effluent is non-buoyant, the strongly deflected plume and
far-field buoyant spreading regimes will be omitted.

FLOW CLASS FI3

This flow exhibits no bank interaction in the near-field. However, the ambieat water
depth is shallow and the flow will interact with the bottom in the near-field. 1t is oriented
at a large enough discharge angle to prevent shoreline attachment with the downstream
shoreline. The buoyancy is relatively strong and will distort the cross-section of the flow
significantly in the near-field.
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The flow consists of the following regimes:

1) MM}M@'mmhm'quﬁn
. mmmﬁwymmmmummm
weatica) directions. The deflection by the ambient crossflow is relatively weak.

2) Mmzwnmﬂwwmumdm
mgmbodymdismn'dendmbeZdimenﬁmd(L&:ﬁmymauy
mizod). The dilution is due t0 momentum dominated mixing. At the end of this
regime, the flow restratifies and becomes 3-dimensional in character. The deflection
by the ambient current is relatively weak.

3) Wd!ydeﬂeaedplm:mmwm-swdmbemmﬁdimmdbymmcy.
mhminningofiheﬂowmdinuasednm-ﬁmhuwng.m
mummmmdmmwdqmmsby
mmnedeﬂecﬁonbythelmbiunammtindmvdywuk.

4) Wy'ddbcted plume: The cross-section of the flow is distorted doe to
buoyancy-induced lateral spreading. This may result in thinning of the plume. The
flow is strongly deflected by the ambient current.

5) Fn-ﬁdbwymtspruding:mplmsyxmdsmnydmg&emﬁeeyhﬂe
mmmmmmqmmnmummm
cmiinemjecwxy.mmixingmismhﬁvdysmﬂmduﬁcknmmy
decoease in this regime. The plume may interact with the shoreline.

6 Pami bient diffusion: The ambient turbul t fhe predominant mixi
Minthismgime.mplumwingmwinboththcvuﬁdndhonmmﬂ
directions at a rate that is dependent on the magnitude of the ambient turbwlence. The
flow may interact with the bottom or the shoreline in this regime.

SPECIAL CASE: If the receiving water is stagnant, the simulation will terminate at the
end of the weakly deflected plume regime (3).

FLOW CLASS FJ4

This flow exhibits no bank interaction in the near-field. However, the ambieat water
dqxhkﬁﬂwmmeﬂowﬁuhmwimdnbmhmem-&u.msm
:tahqeenoughdischargemglempmtshomﬁneamchmanwiﬁmedownm
shoxdi&mbwyancywﬂldimtheum-secﬁmofﬂnﬂowbmdegmeinme
near-ficld. .
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momentum, causing relatively constant spreading in both the borizontal and the
vertical jons. The deflection by the ambient crossflow is relatively weak.

2) Weakly deflected 2-dimensional jet: The flow interacts with the bottom of the
receiving water body and is considered to be 2-dimensional (.e.: fully vertically
mixed). The dilution is due 1o momenturn dominated mixing. At the end of this.
regime, the flow restratifies and becomes 3-dimensional in character. The deflection
by .the ambient current is relatively weak.

= QR =

2) Strongly deflected 3-di ional jet: The is dominased by the initial i
causing relatively constant spreading in both the horizontal and vertical directions.
The flow is strongly deflected by the ambient current.

3) Strongly deflected 2-dimensional jet: The flow interacts with the bottom of the
receiving water body and is considered to be 2-dimensional (i.e.: fully vertically
mixed). The dilution is due to momentum dominated mixing. At the end of this
regime, the flow restratifies and becomes 3-dimensional in character. The flow is
strongly deflected by the ambient current.

4) Strongly deflected plume: The cross-section of the flow is distorted due to
buoyancy-induced lateral spreading. This may result in thinning of the plume, The
flow is strongly deflected by the ambient curreat.

5) Far-field buoyant spreading: The plume spreads laterally along the surface while
being advected downstream with the ambient current. There is no net change in the
centerline trajectory. The mixing rate is relatively small and the thickness may
decrease in this regime. The plume may interact with the shoreline.

6) Passive ambient diffusion: The ambient turbulence becomes the predominant mixing
process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient turbulence. The
flow may interact with the bottom or the shoreline in this regime.

SPECIAL CASE: If the effluent is non-buoyant, the strongly deflected plume and
far-field buoyant spreading regimes will be omitted. -
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FLOW CLASS SAl

‘This flow is dynamically attached to the downstream bank. Aloag the bank is a zone
of recircalating effluent which will reduce the dilution. The penetration into the crossflow
is reduaced due to this dynamic attachment. For this case, the flow does not interact with
the bottom in the near field.

The flow consists of the following regimes: -

1) Wenkly deflected shoreline attached jet (3-D): The mixing is dominated by the initial
momentum causing relatively constant spreading in both the borizontal and the
wvertical directions. The deflection by the crossflow is relatively weak. This regime
teads to be very short or non-existent in shoreline attached flows.

2) Strosgly deflected shoreline attached jet (3-D): The mixing in this regime is
domigated by the initial momentum, causing relatively constant spreading in both the
horizontal and vertical directions. The flow is strongly bent over by the ambient
crossflow and is dynamically attached to the shoreline. A zone of recirculating
cffiment exists between the core of the flow and the shoreline.

3) Strongly deflected shoreline attached plume: The cross-section of the flow becomes
disworted due to strong buoyancy-induced lateral spreading. Some of the effluent from
this segion is recirculated back upstream along the shoreline. However, the overall
mmumﬂmﬂ&ethwknmmydeausemdnsm

4) Farfield buoyaot spreading: The plume spreads laterally along the surface while
being advected downstream with the ambient current. There is no net change in the
centerline trajectory. The mixing rate is relatively small and the thickness may
decyease in this regime. The plume remains attached to the shoreline.

S) Paxsive ambient diffusion: The ambient turbulence becomes the predominant mixing
process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient turbulence. The
flow may interact with the bottom or the opposite shoreline in this regime.

FLOW CLASS SA2

This fiow is dynamically attached to the downstream bank. Along the bank is a zone
of recirculating effluent exists which reduces the dilution. The penetration into the
crossflow is reduced due to this dynamic attachment. Since the discharge depth is equal
or pearly equal to the depth of the receiving water at the discharge point, the flow
becomes attached to the bottom. This attachment to the bottom oould effectively block
-off the ambient current and be the cause of the attachment to the downstream shoreline.
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The flow consists of the following regimes:

1) Weakly deflected shoreline attached jet (2-D): The mixing is dominated by the initial
momentum cansing relatively constant spreading in the horizoatal direction. The
deflection by the crossflow is relatively weak. This regime tends to be very short or
non-existent in shoreline attached flows.

2) Strongly deflected shoreline attached jet (2-D): The mixing in this regime is
dominated by the initial momentum, causing relatively constant spreading in the
horizontal direction. The flow is strongly bent over and is dynamically attached to
the shoreline. A zone of recirculating effluent exists between the core of the flow and
the shoreline. The flow remains attached to the bottom throughout this regime.

3) Strongly deflected shoreline attached plume: The flow may lift off the bottom if it
contains sufficient buoyancy. The cross-section of the flow becomes distorted due to
strong buoyancy-induced lateral spreading. Some of the effivent from this regios is
recirculated back upstream along the shoreline. However, the overall mixing rate is
small and the thickness may decrease in this regime.

4) Far-field buoyant spreading: The plume spreads laterally along the surface while
being advected downstream with the ambient current. There is no net change in the
centerline trajectory. The mixing rate is relatively small and the thickness may
decrease in this regime. The plume remains attached to the shoreline.

process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient turbulence. The
flow may interact with the bottom or the opposite shoreline in this regime.

FLOW CLASS W11

Because this discharge is issued at or near parallel to the downstream bank, it will
remain attached to the shoreline. The receiving water is relatively deep in the vicinity of
the discharge 30 no interaction with the bottom will take place in the pear-field. The
shoreline will act as a reflective boundary to liken the flow to a jet being issued into a
coflow.

The flow will consist of the following regimes:

1) Weakly deflected 3-dimensional wall jet: The mixing is dominated by the initial
momentum, causing relatively constant jet-like spreading in both the-horizontal and
the vertical direction. The ambient current has very little effect on the flow in this
regime. There is no interaction with the bottom throughout this regime.

uy
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2) Far-firdd buoyant spreading: Further from the source the initial mor - tum becomes
unimportant and far-field processes take over. The plume spreads imerally along the
surface while being advected downstream with the ambient current. There is no net
change in the centerline trajectory. The mixing rate is relatively small and the
thickeess may decrease in this regime. The plume remains attached to the shoreline,

3) Passive ambient diffusion: The ambient turbulence becomes the predominant mixing
process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient terbulence. The
flow may interact with the bottom or the opposite shoreline in this regime.

FLOW CLASS W12

Becamse this discharge is issned at or near parallel to the downstream bank. it will
remain attached to the shoreline. The receiving water is relatively shallow in the vicinity
of the discharge and the discharge interacts with the bottom .in the near-field. The
shoreline will act as a reflective boundary to liken the flow to a jet being issued into a
coflow.

The flow will consist of the following regimes:

1) Weakly deflected 3-dimensional wall jet: The mixing is dominsed by the initial
momentum, cansing relatively constant jet-like spreading in both the horizontal and
the wertical direction. The ambient current has very little effect oa the flow in this
regime. Interaction with the bottom will occur at the end of this regime.

2) Weakly deflected 2-dimensional wall jet: Once bottom interaction occurs, the flow
becomes 2-dimensional in form. The mixing is dominated by the initial momentum,
causing relatively constant jet-like spreading in the horizontal direction. The ambient
curress has very little effect on the flow in this regime. There is coatinuous
interaction with the bottom throughout this regime.

3) Far-field buoyant spreading: Further from the source the initial momentum becomes
unimportant and far-field processes take over. Liftoff of the flow from the bottom
may occur doe to buoyancy forces. The plume spreads laterally along the surface
while being advected downstream with the ambient current. There is no net change
in the centerline trajectory. The mixing rate is relatively small and the thickness may
decrease in this regime. The plume remains attached to the shoreline.

4) Passive ambient diffusion: The ambient turbulence becomes the predominant mixing
process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient turbulence. The
flow may interact with the bottom or the opposite shoreline in this regime.

]

FLOW CLASS PL1
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The flow will consist of the following flow regimes:
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reiatively weak ambient crossflow. This regime ends just downstream of the
discharge where far-field buoyant spreading takes over.
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FLOW CLASS P12

Thedischugeisismedwiﬂndaﬁvdyhighbuoyancyinmmmvitmmmtwitha
rdaﬁvely]owambientvelodty. Forthismson,ﬂ:eefﬂuentwﬂlsptudmmﬂmg
ﬂnmmm&eamﬁmmmmwwumﬂlwhhvm
ofthgdischarge. There is unstable recirculation of the effluent in the immediate area of
the discharge. However, stable restratification of the flow occurs just downstream of the
source where far-field processes take over.

The flow will consist of the following flow regimes:
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2)

3)

Far-field buoyant spreading: The plume spreads laterally along the surface while
being advected downstream with the ambient current. The mixing rate is relatively
small and the thickness may decrease in this regime. The plume remains attached to
the shoreline. .

Passive ambient diffusion; The ambient turbulence becomes the predominant mixing.
process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient turbulence. The
flow may interact with the bottom or the opposite shoreline in this regime.

FLOW CLASS PL3
The discharge is issued with relatively low discharpe momentum into an environment

with a relatively low ambient velocity. For these reasons, far-field processes are the anly
important processes.
The flow will consist of the following flow regimes:

1)

_2)

Far-field buoyant spreading: The plume spreads laterally along the surface while
being advected downstream with the ambient current. The mixing rate is relatively
small and the thickness may decrease in this regime. The plume remains attached to
the shoreline.

Passive ambient diffusion: The ambient turbulence becomes the predominant mixing
process in this regime. The plume will grow in both the vertical and horizontal
directions at a rate that is dependent on the magnitude of the ambient turbulence. The
flow may interact with the bottom or the opposite shoreline in this regime.







L. INTRODWCTION
| QUTIAL DILUTION IS THE DILUTION WITH AMBIENT
i WATER ACHIEVED IN A PLUME DUE TO THE

{ COMBINED EFFECTS OF MOMENTUM AND .

| BUOYANCY OF THE FLUID DISCHARGED FROM AN
| *°OUTFALL, AND DUE TO AMBIENT TURBULENT

| MIXING IN THE VICINITY OF THE PLUME. THE
RATE OF DILUTION CAN BE VERY RAPID IN THE
FIRST FEW METERS FROM THE OUTFALL AND
DECREASES AFTER THAT.
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FAR FIELD DIFFUSION AFTER THE INITIAL
MOMENTUM AND BUOYANCY HAVE
DECAYED IS DUE MAINLY TO AMBIENT
TURBULENCE AND IS VERY SLOW
COMPARED TO THE INITIAL RATE OF
DILUTION. THE TOTAL DILUTION AND
AMBIENT CONCENTRATIONS, DETERMINE
THE CONCENTRATIONS WITHIN THE
PLUME.

IN THE U.S. CRITICAL DILUTIONS ARE SET BY

REGULATORY AGENCIES (MOST OFTEN THE
STATE) FOR A PARTICULAR DISCHARGE TO
PROTECT THE ENVIRONMENT. THEY ARE THE
MINIMUM DILUTION THAT CAN OCCURATA .
PRESCRIBED BOUNDARY. TWO BOUNDARIES
ARE OFTEN SPECIFIED.




| 1. THE MOST RESTRICTIVE REGION IS

| © OFTEN CALLED THE TOXIC MIXING

| ZONE OR ZONE OF INITIAL DILUTION,

ZID. IT IS WHERE THE CRITERION

MAXIMUM CONCENTRATION

I (CMC)MUST BE MET |

2 THE SECOND IS THE REGULATORY ;
MIXING ZONE WHERE THE CRITERION
CONTINUOUS CONCENTRATION MUST
BE MET (CCC).

© -i
THE CMC ZONE IS OFTEN DEFINED AS THE E
i«  SHORTEST OF:
‘ 1. 10% OF THE REGULATORY MIXING |
ZONE |
2. ADISTANCE NO FURTHER THAN 5
TIMES THE LOCAL WATER DEPTH
3. ADISTANCE OF 50 TIMES THE SQUARE
ROOT OF ANY DISCHARGE AREA OR
PORT. |
THE DILUTION REQUIRED TO MEET THE CMC
REGULATION IS OFTEN SET FROM A BIO-
' o ASSAY.




FOR MUNICIPAL OCEAN DISCHARGES, THE
EPA HAS DEFINED THE REGULATORY
MIXING ZONE AS THAT distance WHERE THE
PLUME EITHER SURFACES OR REACHES A
POINT OF NATURAL BUOYANCY (TRAPPED).
CURRENTS THAT CAN BE USED ARE THE
LOWEST 10 PERCENTILE CURRENT.

FOR INLAND WATERWAYS, THE MIXING
ZONE IS OFTEN DEFINED AS A RADIUS

FROM THE POINT OF DISCHARGE OR A
SURFACE AREA.

IN ADDITION, RESTRICTIONS ARE OFTEN
IMPOSED AS TO HOW MUCH OF A RIVER

CAN BE USED BY THE PLUME: 1/4 OF THE
WIDTH, 1/4 OF THE RIVER FLOW.




JETS, PLUMES, AND BUOYANT JETS.
A JET IS A DISCHARGE AT RELATIVELY

HIGH VELOCITY THAT HAS SMALL
BUOYANCY. ‘

A PLUME IS A DISCHARGE WITH SMALL
MOMENTUM AND LARGE BUOYANCY

A BUOYANT JET IS A DISCHARGE WITH

MODERATE VELOCITY AND MODERATE
BUOYANCY.

THE RATIO OF THE MOMENTUM TO THE
BUOYANCY IN A DISCHARGE GIVES THE
DENSIMETRIC FROUDE NUMBER.

F, = Ue

(¢]
A
p

VALUES GREATER THAN 40 OR SO ARE
MOMENTUM JETS. VALUES LESS THAN 2
ARE PLUMES. MOST ENVIRONMENTAL
DISCHARGES FALL BETWEEN THESE.




1.

MODELING TECHNIQUES
EXPERIMENTAL METHODS USING SCALE
MODELS OF THE DISCHARGE. THESE
CAN BE SIMPLE WHERE JUST THE
DISCHARGE AND PLUME ARE
INVESTIGATED OR COMPLEX WHERE
COMPLICATED GEOMETRY IS
SIMULATED. THESE ARE KNOWN AS
PHYSICAL MODELS AND ARE NOT THE
TOPIC OF THIS COURSE.

NUMERICAL MODELING IS WHERE THE
DISCHARGE AND RECEIVING WATER
ARE DIVIDED INTO THOUSANDS OF
SMALL VOLUMES OR GRIDS EACH WITH
ITS OWN FLUID PROPERTIES.
COMPUTATIONAL FLUID DYNAMICS ARE
USED TO SOLVE FOR THE INTERNAL
GRID PROPERTIES BASED ON
BOUNDARY AND INITIAL VALUES.
THESE ARE HARD TO SET UP AND
REQUIRE LARGE COMPUTERS...
DIFFUSION COEFFICIENTS ARE OFTEN
THE HARDEST PART TO MODEL.




NUMERICAL MODELS CAN BE TIME
DEPENDENT AND CAN BE USED
CONSIDER TIDAL EFFECTS, AMBIENT
CONCENTRATION BUILT UP, AND OTHER
TRANSIENTS. WITH MOST DISCHARGES,
HOWEVER, THE MIXING ZONE IS
REACHED WITHIN MINUTES AND
TRANSIENTS ARE NOT VERY
IMPORTANT. SEVERAL QUASI-STEADY
STATE RUNS CAN BE MADE TO COVER
THE WHOLE CYCLE.

INTEGRAL MODELS LOOK AT ONLY THE
PLUME AND SOLVE THE EQUATIONS OF
MOTION WITHIN IT. ALTHOUGH STEADY
STATE, THEY HAVE BEEN FOUND TO
GIVER AS GOOD OR BETTER RESULTS
THAN NUMERICAL MODELS AS LONG AS
COMPLICATED BOUNDARIES DON'T
INFLUENCE THE PLUME. AS A RESULT
THEY ARE USED MOST OF THE TIME.
SEVERAL OF THE MODELS DISCUSSED
IN THIS COURSE OF THIS TYPE.




le 4. EMPIRICAL METHODS ARE BASED ON

| THE RESULTS OF MANY EXPERIMENTS.

| MATHEMATICAL EQUATIONS ARE FIT TO
THE DATE. THESE EQUATIONS DO NOT
.* SOLVE THE CONSERVATION -
L, EQUATIONS BUY RELY ON THE
EXPERIMENTS TO DO SO. TO MAKE

1 THEM MORE GENERAL, THEY ARE USE
DIMENSIONLESS GROUPS OF
VARIABLES. THE EQUATIONS ARE USED
1 TO EXTRAPOLATE AND INTERPOLATE
TO DESIRED OPERATING CONDITIONS.

THE EQUATIONS | EQUATION 2
GIVE GROUP 1 '

AS A FUNCTION
OF GROUP 2
AND GROUP 3.
WHICH |
'y EQUATION TO REGION 1 | REGION
i USE DEPENDS ’ :

| ON THE GROUP 2

f MAGNITUDE OF )
GROUP 2. EXTRAPOLATION BEYOND DATAIS
UNPREDICTABLE.

]
EQUATIONT !

GROUP 1

H

ATA OF GROUP 3
]
]




WHY MODELING

- THE PURPOSE OF DILUTION MODELING IS TO

DETERMINE WHAT DILUTIONS AND
CONCENTRATIONS EXIST WITHIN THE FULL
SCALE PLUME USING PREDICTIVE
TECHNIQUES. MODELING CAN BE DONE
BEFORE AN OUTFALL IS BUILT OR AT
CONDITIONS OTHER THAN THOSE WHERE
MEASUREMENTS WERE MADE. MATHEMATICAL
MODELING IS MUCH CHEAPER THAN FIELD
STUDIES AND COVER A MUCH WIDER RANGE
OF VARIABLES.

DILUTION
DILUTION, S, IS DEFINED AS THE TOTAL FLOW
IN THE PLUME (EFFLUENT PLUS ENTRAINED
FLUID) OVER THE EFFLUENT FLOW, Q/Q,. IF THE
POLLUTANT CONCENTRATION IS ZERO IN THE
AMBIENT THE AVERAGE CONCENTRATION IN
THE PLUME C, = C_/S. IF THE AMBIENT
CONCENTRATION IS NOT ZERO:

. C,6+C,(S-1)
’ S




WHERE Co IS THE EFFLUENT CONCENTRATION,
Ca IS THE AMBIENT CONCENTRATION.
CENTERLINE CONCENTRATIONS ARE
APPROXIMATELY TWICE THE AVERAGE VALUES.
OVERLAPPING OF PLUMES FROM OTHER
SOURCES CAUSE CONCENTRATIONS TO BE
ADDITIVE IN THOSE AREAS WHERE PLUMES
OVERLAP.

DENSITY STRATIFICATION IN THE AMBIENT IS
VERY IMPORTANT. EVEN THE SLIGHTEST
STRATIFICATION CAN CAUSE THE PLUME TO BE
TRAPPED AND LIMIT DILUTION. THE DISTANCE
TO WHERE THE PLUME TRAPS CAN CHANGE
DRASTICALLY WHEN STRATIFICATION
PROFILES ARE ONLY SLIGHTLY VARIED. AS A
RESULT, AMBIENT STRATIFICATION SHOULD BE
AS ACCURATE AS POSSIBLE.




TYPES OF DISCHARGES
1. DISCHARGE CAN BE AT THE SURFACE
FROM A CHANNEL OR PIPE. THE RESULTING
PLUME MAY SINK BUT USUALLY STAYS AT THE
SURFACE OF THE RECEIVING WATER.

2. DISCHARGE BELOW THE SURFACE
THROUGH A SINGLE ORIFICE OR MULTIPLE
PORT DIFFUSER. DISCHARGE ANGLES CAN BE
IN ANY DIRECTION.

SUBMERGED DISCHARGES MAY RISE TO THE
SURFACE AND BECOME A SURFACE PLUME OR
SPREAD UNTIL THE PLUME FILLS THE WATER
COLUMN. AS LONG AS A PLUME IS SUBMERGED
AND NOT TRAPPED, IT DILUTES RAPIDLY. AS A
RESULT, THE DEEPER THE DISCHARGE THE
BETTER.

NEIGHBORING PLUMES FROM MULTIPLE PORT
DIFFUSERS MAY MERGE AND BECOME AS A
LONG LINE PLUME. MERGING REDUCES THE
DILUTION RATE.
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IN THIS CLASS WE WILL BE LOOKING AT SOME
OF THE MODELS ACCEPTED BY THE U.S. EPA
FOR PREDICTING THE DILUTION FROM
ENVIRONMENTAL DISCHARGES. THERE ARE
MANY OTHER MODELS, HOWEVER THESE ARE
THE ONES USED MOST OF THE TIME FOR POINT
SOURCE AND DIFFUSER DISCHARGES.

KNOWING HOW TO RUN THE MODELS AND
INTERPRETING AND USING THE RESULTS ARE
TWO DIFFERENT PROBLEMS ALTOGETHER.
THE USER MUST BE EXPERIENCED ENOUGH TO
KNOW IF THE RESULTS ARE MEANINGFUL OR
NOT. MODELS WILL GIVE ANSWERS WITHOUT
KNOWING WHETHER THEY VIOLATE PHYSICAL

LAWS.




e WE WILL BE LOOKING AT:

‘ 1. THE PLUMES INTERFACE AND THE 2

N DIMENSIONAL SUBMERGED DIFFUSER ;i

: MODEL, UM . (UM IS AN UPDATED UMERGE) I

i 2. THE 3-DIMENSIONAL SUBMERGED DIFFUSER = |

MODEL, UDKHDEN. I

3. THE 3-DIMENSIONAL SURFACE PLUME |
MODEL, PDS. '

4. THE 2-DIMENSIONAL SHALLOW RIVER
MODEL, PSY.

5. AND THE EMPIRICAL CORMIX 1-2-3 MODELS
THAT COVER ALL OF THE ABOVE.

WE WILL SPEND ABOUT 1/2 A DAY GOING OVER
THE THEORY OF EACH, HOW TO USE IT, AND
DEMONSTRATE SAMPLE PROBLEMS. THE NEXT
1/2 DAY WILL BE INDIVIDUAL HANDS ON WORK,
USING THE MODEL TO SOLVE SAMPLE
PROBLEMS. |

* WE WILL DO THIS FOR EACH OF THE MAIN
MODELS. FRIDAY AFTERNOON WILL BE TIME
FOR A DISCUSSION ON ACCURACY AND A
QUESTION-ANSWER PERIOD (IF ANYONE CAN
STICK IT OUT THAT LONG)




FUNDAMENTALS OF THE INTEGRAL METHOD
FLOW RATE =

[ AREAUdA

USING AN APPROPRIATE VELOCITY PROFILE
AND INTEGRATING THE VOLUMETRIC FLOW RATE

Q = K,U.B?
WHERE K, IS A CONSTANT DEPENDING ON THE

PROFILE, U, IS THE CENTERLINE VELOCITY AND B IS
THE PLUME RADIUS

Q,-Q, = Eds

ENTRAINMENT , E

WHERE Q, IS THE FLOW
AT s +ds AND Q, IS THE
FLOW AT s, EIS THE
ENTRAINMENT AND ds IS

- THE DISTANCE
BETWEEN 1 AND 2

E ~aBU,




PLUME MOMENTUM IS GIVEN BY

M = 2
ffAREApU dA

INTEGRATING WITH THE SAME PROFILE GIVES
M = K,U2B?

WHERE K, IS ANOTHER CONSTANT DEPENDING ON
THE PROFILE

M,-M, =(Fg + F, + EU,ds

WHERE M, IS THE MOMENTUM AT s + ds AND M, IS
THE MOMENTUM AT s, F; IS THE BUOYANCY FORCE
DUE TO DENSITY DIFFERENCES BETWEEN PLUME
AND AMBIENT, F, IS THE DRAG FORCE AMBIENT
CURRENTS IMPOSE ON PLUME, AND EU, IS THE
MOMENTUM OF THE FLUID ENTRAINED INTO THE
PLUME.

WITH THE TERMS AT 1 AND ON ON THE R.H.S OF
THE EQUATIONS ARE KNOWN, THE VALUES OF M
AND Q AT 2 CAN BE CALCULATED AND THE
FOLLOWING RESULT







PLUMES - UM MODEL

UM IS AN INTEGRAL DIFFERENTIAL MODEL BASED
ON A LAGRANGIAN FORMULATION. - IT FOLLOW A
"PUFF" OF MATERIAL IN THE PLUME AS IT GROWS
AND IS TRANSPORTED BY THE AMBIENT. IT
CONSIDERS BOTH POSITIVE AND NEGATIVE
BUOYANCY (RISING AND SINKING PLUMES)

THE SHAPE OF THE PUFF IS A SLICE THROUGH THE
PLUME AS SHOWN BELOW.
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THE CONSERVATION OF MASS IS EXPRESSED AS:

M, = m, + [PAU, + ap(2nbh)V]dt

. where:

|® m,, 4 IS the mass in slice at time t+dt

m, is the mass in slice at time t

p is the density of the fluid in the plume

U, is the ambient velocity

A, is the projected area of the slice facing the ambient
o is an aspiration entrainment coefficient

e b is the plume radius

h is the slice thickness
V is the shear velocity between plume and ambient

|* THE MOMENTUM (M =mV) EQUATION IS EXPRESSED AS:

- M, + — dm P, P_

U— -m g
? dt p

t+dt dt

The first term in the bracket is momentum added to
the plume from entrained ambient. The second is
due to plume buoyancy. The integration of these two
equations is a single forward step integration

~




{ THE CONSERVATION OF ENERGY, SALINITY, AND
, . POLLUTANT ARE EXPRESSED AS:

dmT ) gm
dt e dt
dms _ g dm
, dt @ dt
o
ImX _ x 9™ _ kmx
dt dt

, Where T, S and X are the temperature, salinity, and
species concentration respectively.

| Subscript (a) refers to ambient values. The -kmX term is

* a first order decay term that is possible with some
pollutants such as coliform.

| SINCE THE MASS IN THE PLUME IS GIVEN BY
| m = prib2h, THE NEW PLUME RADIUS IS GIVEN BY

g
f mt+dt

| b tedt

| "pnd/' t+dt




. FROM THE CONSERVATION EQUATIONS,
| TEMPERATURE AND CONCENTRATIONS CAN BE
©BTAINED FROM:

(M My = (MT), + [T, (PAU, + pAV)IA

(MX)g,q = (MX), + [X, (PAU, + pA V) - kmX]dt

DIVIDING THESE EQUATIONS BY m,,,, GIVES THE
NEW TEMPERATURE AND CONCENTRATION AT t+dt

E NEW PLUME VECTOR VELOCITY IS OBTAINED
{ FROM THE MOMENTUM EQUATION IN A SIMILAR
1sWAY .

| THE NEW POSITION IS OBTAINED FROM THE
| AVERAGE VELOCITY BETWEEN t AND t+dt TIMES dt.

| PLUME MERGING IS GEOMETRIC AND EFFECTS THE
{PENTRAINMENT AREAS ONLY SINCE PROFILES ARE
ASSUMED TO BE "TOP HAT" AS SHOWN BELOW.




PROFILES

TOP HAT .
NO VARIATION

3/2 POWER

LINES OF SYMMETRY
| ENTRAINMENT

SURFACE

i

; )
It AREA CONSIDERE ARBA NOT
| MERGING PLUMESCONSIDERED




|, UM IS ONLY 2-DIMENSIONAL AND TREATS MULTIPLE
| " PORT DIFFUSERS PERPENDICULAR TO THE
| @MBIENT CURRENT AS SHOWN BELOW!!

|e CURRENT
> .

e

\\\\\\\\\\\\\\\~\~CURRENT
//%

{_ UM INCLUDES A FIRST ORDER (VERY
| APPROXIMATE) FAR FIELD, AMBIENT DIFFUSION
MODEL (Brooks Model) GIVEN FOR OPEN OCEAN BY:

Si
S -

1.5

erf

(1 +8KW1'33‘—t-—)3 -1
N w? )

B

where:
erf = the standard error function
» ¥ K =adispersion coefficient




FOR RIVERS AND SMALL LAKES IT IS GIVEN BY:

3 @

| © . ,

|
|
|
|
|
|
. ' 2
L erf( J w J
| 16Kw 3
|

| WHERE S, IS THE DILUTION AT THE BEGINNING
OF THE FIELD, w IS THE WIDTH OF THE FIELD, t
IS TIME AND K IS A DISPERSION COEFFICIENT.

PLUMES INPUT

THE PROGRAM "PLUMES" IS ACTUALLY AN
*INTERFACE USED TO SETUP AND CHECKINPUT TO
THE epa PLUME PREDICTION PROGRAMS. THE
OUTPUT FROM THE PLUMES PROGRAM IS IN A
FORMAT THAT IS SUITABLE FOR THE UM, UDKHDEN,
RSB, AND ULINE PROGRAMS. UM AND RSB CAN BE
RUN DIRECTLY FROM THE PLUMES INTERFACE. TO
® RUN UDKHDEN, THE PLUMES OUTPUT FILE CAN BE
SAVED ON A UDF.IN (UNIVERSAL DATA FILE).

| ©




. . THE PLUMES INTERFACE IS CONVENIENT SINCE
1 INPUT UNITS CAN BE SELECTED AND CONSISTENCY

¥ CHECKED. DEPENDENT VARIABLES ARE
| AUTOMATICALLY CALCULATED.

| THE VARIABLES ON THE PLUMES INTERFACE
| »SPREAD SHEET ARE:

' TITLE: OPTIONAL TITLE OF PROJECT
TOT FLOW: TOTAL DISCHARGE FLOW RATE
PORTS:  NUMBER OF PORTS IN DIFFUSER
PORT FLOW: FLOW PER PORT

SPACING: SPACING BETWEEN PORTS

| EFFL SAL: SALINITY OF EFFLUENT

| EFFL TEMP: TEMPERATURE OF EFFLUENT

P FARINC: INCREMENT BETWEEN PRINTOUTS IN
FAR FIELD CALCULATIONS
FAR DIS:  DISTANCE FAR FIELD CALCULATIONS
ARE TO BE CONSIDERED
PORT DEP: AVERAGE DEPTH OF PORTS FROM
SURFACE
PORT DIA: DIAMETER OF PORTS (ALL THE SAME)
e 'PLUME DIA: PLUME DIAMETER AT DISCHARGE (IF
- CONTRACTION COEFFICIENT IS
DIFFERENT FROM 1.0)
TOTAL VEL: TOTAL VELOCITY AT DISCHARGE PORT
HORIZ VEL: HORIZONTAL COMPONENT OF
C VELOCITY
' VERT VEL: VERTICAL COMPONENT OF VELOCITY




ASP COEF:

PRINT FRQ:

PORT ELV:
VERT ANG:

CONT.COEF:

EFFL. DEN:

POLL CONC:

ASPIRATION COEFFICIENT USED IN
ENTRAINMENT (USE DEFAULT UNLESS
YOU KNOW OTHERWISE)

THE ITERATION FREQUENCY THAT YOU
WANT OUTPUT VALUES (A VALUE OF 10
GIVES LOTS OF OUTPUT. A VALUE OF
500 NOT VERY MUCH). WHAT YOU USE
DEPENDS ON HOW MUCH DETAIL YOU
NEED.

ELEVATION OF PORTS OFF BOTTOM
PORT DISCHARGE ANGLE RELATIVE TO
THE HORIZONTAL(O IS HORIZONTAL. 90
IS VERTICAL)(CAN VARY BETWEEN -90
AND 90)

CONTRACTION COEFFICIENT
(FRACTION OF JET DIAMETER TO
PORT DIAMETER)

DENSITY OF EFFLUENT
(AUTOMATICALLY CALCULATED IF
TEMPERATURE AND SALINITY ARE
INPUT)

CONCENTRATION OF POLLUTANT IN
THE DISCHARGE (ANY VALUES CAN
BE USED)

DECAY COEFFICIENT PER DAY
(ZERO FOR NONE)




FROUDE: DENSIMETRIC FROUDE NUMBER

DEFINED AS
.Y _ MOMENTUM
° Ap BUOYANCY
gb, —

D

VALUES WITH RED BOXES ARE USUALLY NOT OF
INTEREST EXCEPT TO MODELERS.

HOR ANG: HORIZONTAL ANGLE OF OUTFALL
PIPE (90 DEGREES MEANS THE
OUTFALL PIPE IS 90 TO CURRENT
AND DISCHARGE IS INLINE WITH
CURRENT)(IT CAN BE BETWEEN 45
AND 135 FOR UDKHDEN) UM JUST
MAKES THE PORTS CLOSER
TOGETHER IF THIS VALUE IS
DIFFERENT FROM 90. SEE RED
SPACE: '

RED SPACE:  EFFECTIVE SPACING IN UM MODEL
IF HOR ANG IS DIFFERENT FROM 90

P AMB DEN:  AMBIENT DENSITY AT PORT DEPTH

P CURRENT:  AMBIENT CURRENT AT PORT DEPTH

FAR DIF: FAR FIELD DIFFUSION COEFFICIENT
(USE THE DEFAULT VALUE UNLESS
YOU KNOW BETTER)




AL

AB '
"
A

"W

N

Cac

4

M

"O

THIS IS THE LIST EQUATIONS OR GIVE
DEFINITION OF THIS CELL. IF YOU DON'T
KNOW WHAT SHOULD GO IN A GIVEN CELL,

‘PRESS AL AND IT WILL TELL YOU.

CAUSES THE INTERFACE TO RUN.THE RSB
MODEL

CAUSES THE INTERFACE TO RUN THE UM
MODEL

CAUSES THE CURSOR TO JUMP FROM ONE
TYPE OF INPUT ZONE TO ANOTHER.

TELLS INTERFACE TO GET AN EXISTING
WORKING FILE. A TYPEOVER WINDOW IS
PROVIDED FOR FILE NAME INPUT. THE
EXISTING ACTIVE FILE IS STORED AND THE
NEW FILE IS OPENED.

IF THE FILE DOES NOT EXIST IT IS CREATED
AND FILLED WITH DEFAULT DATA.

TELLS THE INTERFACE TO STORE THE
PRESENT DATA IN A NEW FILE. YOU ARE
PROMPTED FOR A NEW NAME AND WHICH
CASES YOU WANT SAVED. (YOU CAN
SEVERAL CASES UNDER ONE FILE NAME)
CREATE A NEW CASE UNDER THE SAME
FILE OR GO TO DIFFERENT CASE

TELLS THE INTERFACE TO USE THE IMAGE
SOLUTION TO SIMULATE SHALLOW WATER.
THIS OPTION IS ONLY FOR SINGLE PORTS.
SHOWS THE INDEPENDENT VARIABLES
SELECTED

ADDS THIS VARIABLE TO THE OUTPUT
TABLE




FAR VEL: AVERAGE CURRENT IN THE FAR
FIELD
AMBIENT TABLE
DEPTH: IS THE DISTANCE BELOW THE
SURFACE WHERE AMBIENT VALUES
ARE TO BE GIVEN ‘

CURRENT: IS THE AMBIENT CURRENT AT THIS
DEPTH

DENSITY: IS THE AMBIENT DENSITY AT THIS
DEPTH

SALINITY: IS THE SALINITY AT THIS DEPTH

TEMP: IS THE TEMPERATURE AT THIS
DEPTH

AMB CONC? IS THE POLLUTANT
CONCENTRATION AT THIS DEPTH

COMMANDS
COMMANDS WITHIN THE PLUMES INTERFACE ARE
AS FOLLOWS. * MEANS HOLD THE CONTROL KEY
DOWN

<SPACE> MOVES THE CURSOR FROM ONE CELL
TO THE NEXT. THE ARROW KEYS CAN
ALSO BE USED TO PLACE THE CURSOR
WHERE YOU WANT IT, BUT ARROW
"KEYS ONLY ONE DIGIT AT ATIME IN
FORWARD HORIZONTAL MOTION
<ENTER> DOES THE SAME THING AS A SPACE
BAR.
K CHANGE IN THE INPUT UNITS OF THIS CELL.
SUCCESSIVE ENTRIES OF THIS COMMAND
CYCLES THROUGH THE ACCEPTED UNITS.

e




"R

Y

AYF

Y

AYC
YD
YU

BRINGS UP THE CONFIGURATION MENU. IT
ALLOWS YOU TO SELECT THE TYPE OF
CONFIGURATION YOU WANT. YOUR
PRESENT CONFIGURATION IS GIVEN IN THE
CENTER OF THE BOTTOM LINE. i.e. ATNOOQO
WHICH MEANS AUTOMATIC AMBIENT FILL,
TRANSMIT BROOKS EQUATION, CORMIX
CATEGORIZATION NOT ACTIVE. O BRUNT
VAISALA REVERSALS CONSIDERED.
BRINGS UP A POP-UP MENU WITH
MISCELLANEOUS OTHER COMMANDS
INCLUDING:

CAUSES THE AMBIENT TABLE TO
AUTOMATICALLY FILL EACH CELL WITH THE
VALUE ABOVE

CAUSES THE PROGRAM TO INTERPOLATE
BETWEEN CELLS TO FILL THE
INTERMEDIATE ONES

COPIES THE COMPLETE AMBIENT LINE
DELETES AN AMBIENT LINE

COPIES THE VALUES IN THE INPUT CELLS
TO A FILE CALLED "UDF.IN" FOR USE WITH
OTHER PROGRAMS SUCH AS UDKHDEN




YZ CLEARS (ZAPS) MOST CELLS IN THE
INTERFACE (DEFAULT VALUES REMAIN)

THE F1 FUNCTION KEY BRINGS UP THE POP-UP
MENU WITH MAIN COMMANDS.

VARIABLES SHOWN WITH YELLOW NUMBERS ARE
THOSE YOU SELECTED AS INDEPENDENT
VARIABLES.

VARIABLES SHOWN WITH WHITE NUMBERS ARE
DEPENDENT VARIABLES AND ARE CALCULATED BY
THE INTERFACE. IF YOU TRY TO CHANGE ANY OF
THE WHITE NUMBERS, THE INDEPENDENT VALUES
FLASH AND YOU MUST DELETE ONE TO MAKE IT
DEPENDENT.

SAMPLE PROBLEM
A DIFFUSER CONSISTING OF 285 PORTS ON
ALTERNATE SIDES OF A DIFFUSER. THEY ARE
SPACED 24' APART ON A SIDE (12' APART ON
ALTERNATE SIDES)

TOTAL FLOW = 102 MGD (MILLION GALLONS PER
DAY) |

EFFLUENT TEMP =25 C

EFFLUENT SALINITY = 0.0 PPT

FAR FIELD OF INTEREST = 2000 m

FAR FIELD INC NOT IMPORTANT, SAY 500

DEPTH OF CENTER PORT = 70 m (MLLW)

PORT DIAMETER = 8.5 cm

PRINT FREQ = 100 (GIVE OUTPUT VALUES AT
DILUTIONS OF APPROXIMATELY (1,2,4,8,16,....)




PORT ELEV..=0.84 m

VERT ANG = HORIZONTAL = 0.0 (DEFAULT)

CONT COEF = 1.0 (DEFAULT)

POLLUT CONC. =100

DECAY =c = ce™ INOUR PROBLEM IT TAKES 1
HOUR FOR 90% OF THE
BACTERIA OF CONCERN TO
DIE, THEREFORE t90hr = 1 USE
K TO BRING UP t90hr.

HORIZ ANG =90

FAR FIELD VEL = 15 cm/s

AMBIENT TABLE

DEPTH |CURR |DENS |SAL TEMP |CONC
0.00 0 3499 26.18 0
30.48 0 35.00] . 25.60 0
45.72 0 35.02| 24.95 0
60.96 0 35.00f 24.60 0
76.20 0 35.02| 21.22 0

B WA s i it

DETERMINE THE DILUTION AND'CONCENTRATION
AT THE TRAPPING LEVEL AND AT THE END OF THE
FAR FIELD (2000 m)




RUN UM BY PRESSING AU AND SEND THE OUTPUT
TO THE CONSOLE

| RESULTS SHOW S=84.58 AND C=1.15 AT THE
|, TRAPPING LEVEL

| S=172.3(164.2) AND C=0.485 (.508) AT THE END OF
THE FAR FIELD DEPENDING ON THE 4/3 POWER
LAW OR EDDY DIFFUSION MODELS

IT WOULD BE MORE CONSERVATIVE TO ASSUME
ALL PORTS ARE ON ONE SIDE OF THE DIFFUSER
WITH A SPACING OF 12'. MAKE THE CHANGE AND
SAVE THE OUTPUT TO A FILE CALLED SAND.OUT

YOU DON'T SEE IT THIS TIME SINCE IT WAS SAVE
ON FILE. YOU CAN PRINT THE SAND.OUT OR LOOK
AT IT WITH A TEXT EDITOR. YOU CAN ALSO RERUN
THE PROGRAM AND SELECT CONSOLE TO VIEW
THE OUTPUT. THE TRAPPING LEVEL VALUES DON'T
CHANGE SINCE THE PLUME STILL HAVEN'T MERGED
BUT THE FAR FIELD VALUES REDUCE TO

S=167(149) AND C=0.50(0.56) DUE TO A SMALLER
INITIAL WASTE FIELD SIZE.




NOW LET'S MAKE FOUR CASES

A CURRENT OF 10 CM/S

A CURRENT OF 10 CM/S BUT NO DECAY

NO CURRENT AND NO DECAY

NO CURRENT AND NO DECAY BUT A FLOW OF
250 MGD.

w2

SAVE THE INPUT FOR THESE FOUR AS FILE
VARY.VAR. RUN ALL CASES AND SAVE THE OUTPUT
ON VAR.OUT. RUN CASE 4 AND SHOW IT ON THE
SCREEN.

FIND OUT WHICH IS THE WORST CASE (LEAST
DILUTION AT THE TRAPPING LEVEL AND
CONCENTRATION AT THE END OF THE FAR FIELD)

TO RUN ALL CASES AT ONCE YOU MUST GO TO
CASE 1 AND THEN RUN 4 CASES

ANSWER: WORST CASE IS NO CURRENT AND NO
DECAY. THE EFFECT OF FLOWRATE IS MINOR
S=76, C=.81




UDKHDEN

" UDKHDEN IS A 3- /’MTRGINGPLUMES
4 DIMENSIONAL, | Dpisca RECTION
INTEGRAL PLUME

MODEL THAT | ?7-
CALCULATES THE "%\
SPACED BUOYANT

j* CHARACTERISTICS OF i
1 . CURRENT
DISCHARGES INTO A —

A LINE OF EQUALLY
FLOWING STRATIFIED AMBIENT

DIFUSSER

{ THE METHOD OF SOLUTION INVOLVES 7 ORDINARY
. DIFFERENTIAL EQUATIONS WHICH ARE :

| 1. CONSERVATION OF MASS

2. CONSERVATION OF ENERGY

3. CONSERVATION OF CONCENTRATION

4. DENSITY DEFICIENCY

5.6.7. MOMENTUM EQNS IN THE X (HORIZONTAL
AND NORMAL TO THE AMBIENT CURRENT), Z
(VERTICAL), Y (HORIZONTAL AND PARALLEL TO
AMBIENT CURRENT DIRECTION)

ﬁ s " o




EQN 4 1S USED ONLY IN ALGEBRAIC FORM. THE SIX
» OTHER EQUATIONS ARE WRITTEN FOR A CONTROL

» VOLUME WHICH IS FINITE IN A DIRECTION

PERPENDICULAR TO THE JET AND |NFINITES|MAL IN
THE DIRECTION OF THE JET AXIS.

DISCHARGE AT ANY ANGLE (WITHIN LIMITS) RELATIVE
TO THE AMBIENT CURRENT ARE SIMULATED.

A SINGLE PORT DISCHARGE CAN BE MODELED BY
SPACING THE PORTS WIDE APART SO MERGING
DOES NOT OCCUR.

IT ALLOWS FOR DEPTH VARYING AMBIENT VELOCITY,
TEMPERATURE AND SALINITY OR DENSITY.

THE INPUT TO UDKHDEN IS IN THE FORMAT OF A
"UNIVERSAL DATA FILE" THAT IS GENERATED BY THE
THE EPA'S PLUMES MODEL.

NORMALLY YOU DO NOT NEED TO WORRY ABOUT THE
FORMAT OF THE INPUT FILE. FOR COMPLETENESS,
HOWEVER, IT IS GIVEN IN FOLLOWING EXAMPLE:




C

SAMPLE INPUT FOR UDKHDEN

11000000000000
4. 5 0.500 12. 20. 0.10 1.0

0.0100 90. 1000. 500. 2000. 0.000453 0.01
4 0.0 20. 0.99827 100. 0.0

0.0 10. 10. 0.01 1.00756 2.
10. - 25. 10. 0.01 1.02542 2.
11. 30. 10. 0.01 1.02542 2.
21. 33. 10. 0.01 1.02542 2

***** INPUT VARIABLES *****
*** RECORD NO. 1 *** (FIRST LINE)

1. THIS RECORD CONTAINS ANY INFORMATION THE USER WISHES
TO HAVE PRINTED OUT AT THE TOP OF EACH PAGE.

THE DATA ENTERED ON THE REMAINING RECORDS ARE
ENTERED IN FREE OR LIST DIRECTED FORMAT. EACH VALUE ON
THE LINE MAY BE SEPARATED BY A COMMA OR SPACE.

*** RECORD NO. 2 *** (SECOND LINE)

1. INTER. IF INTER=0, ONLY ONE RUN OF THE PRESENT CASE IS
TO BE MADE. IF INTER=1, ONE OR MORE RUNS USING THE INPUT
DATA FOR THIS CASE ARE TO BE MADE WITH ONE OR MORE OF
THE INPUT VARIABLES CHANGED. THE USER WILL BE
PROMPTED AT THE END OF EACH RUN WHICH VARIABLES HE
WISHES TO CHANGE.

2. IDFP. IF IDFP=1, THE INPUT FILE IS PRINTED AS PART OF THE
OUTPUT. IF IDFP=0, IT IS NOT PRINTED.

THE REMAINDER OF THE VARIABLES ON THIS LINE ARE NOT USED BY

UDKHDEN, ENTERING 1"Z"QO\ SEPARATED BY A SPACE

COING TRE FIRST TWO VARLABLES WL if‘iSL’éRlz
G TS L INE ARE FLAGE TO T

L e W o W e NN
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*** RECORD NO. 3 *** (THIRD LINE)

QT=TOTAL DISCHARGE FLOW RATE (CUBIC METERS PER SEC)
NP=NUMBER OF DISCHARGE PORTS

PDIA=DISCHARGE PORT DIAMETER (M)

VANG=VERTICAL ANGLE (DEG) OF PORTS RELATIVE TO
HORIZONTAL (90 DEGREES IS VERTICAL)(LIMITED TO -5 TO 130)

. PDEP=PORT DEPTH (M) AND MUST BE GREATER THAN 0.0

THE OTHER VARIABLES ON THIS LINE ARE NOT USED BY UDKHDEN.
ENTER ANY NUMBER IN THEIR PLACE.

*** RECORD NO. 4 ***

1.
2.

UW NOT USED IN THIS PROGRAM.

HANG=ANGLE (DEG) OF CURRENT DIRECTION WITH RESPECT TO
DIFFUSER AXIS (90 DEGREES CORRESPONDS TO A CURRENT
HAVING A DIRECTION PERPENDICULAR TO THE DIFFUSER AXIS,
RANGE 45 - 135 DEG). FOR SINGLE PORTS. THIS ANGLE CAN BE
ANYTHING. ’
SPACE=DISTANCE BETWEEN ADJACENT PORTS (M) (IF THE
NUMBER OF PORTS IS 1 ON LINE 3 THE SPACE IS SET TO 1000 TO
PREVENT MERGING.

THE OTHER VARIABLES ON THIS LINE ARE NOT USED BY UDKHDEN.
ENTER ANY NUMBER IN THEIR PLACE.




*** RECORD NO. 5 ***
[ g ‘
1. NPTS=NUMBER OF ELEVATION ENTRIES IN AMBIENT PROFILE
TABLE (NPTS MUST BE AT LEAST 2 BUT NOT MORE THAN 30).
2. S=DISCHARGE SALINITY (PPT) IF TEMPERATURE/SALINITY
OPTION USED OR DISCHARGE DENSITY (GM/CC) IF DENSITY
OPTION USED.
3. T=DISCHARGE TEMPERATURE (DEG C) IF
TEMPERATURE/SALINITY OPTION USED OR ZERO (0.0) IF
j® DENSITY OPTION USED.

THE OTHER VARIABLES ON THIS LINE ARE NOT USED BY UDKHDEN.
ENTER ANY NUMBER IN THEIR PLACE.

*** RECORD NO. 6 ***

e THERE MUST BE NPTS (RECORD NO. 5) IMAGES OF RECORD NO. 6.
ONE RECORD FOR EACH ELEVATION WHERE AMBIENT CONDITIONS
ARE GIVEN. AT LEAST 2 RECORDS BUT NOT MORE THAN 30.

1. DP()=DEPTH TO DATA POINT (M) STARTING AT THE SURFACE
AND WORKING DOWN TO OR BELOW THE DISCHARGE DEPTH.
THE LAST ENTRY MUST BE FOR A DEPTH EQUAL TO OR
GREATER THAN THE DISCHARGE DEPTH. MUST HAVE DATA FOR
DP(1)=0.0 OR COMPUTATIONAL ERRORS MAY OCCUR.

2. SA()=AMBIENT SALINITY (PPT) AT THIS DEPTH IF THE

j TEMPERATURE/SALINITY OPTION IS USED OR AMBIENT DENSITY

i (GM/CC) IF DENSITY OPTION IS USED. .

7 3. TA()=AMBIENT TEMPERATURE (DEG C) AT THIS DEPTH IF
TEMPERATURE/ SALINITY OPTION USED OR ZERO (0.0) IF
DENSITY OPTION USED.

4. UA()=AMBIENT VELOCITY AT THIS DEPTH (M/S)

THE OTHER VARIABLES ON THESE LINES ARE NOT USED BY
UDKHDEN, ENTER ANY NUMBER IN THEIR PLACE.




REGARDING RECORD NO 5 AND 6, WHEN USING THE
TEMPERATURE/SALINITY OPTION, IF FOR AN SA() OR S, THE TA() OR
T IS REALLY ZERO, GIVE TA() OR T A SMALL VALUE LIKE 0.000001.

THI—E OUTPUT FROM UDKHDEN IS AS FOLLOWS

; THE PROGRAM ECHOES THE INPUT VARIABLES THEN

¢ CALCULATES THE DISCHARGE FROUDE NUMBER AND
| PORT TO DIAMETER SPACING. IT THEN GOES INTO A
SOPHISTICATED ROUTINE THAT CALCULATES THE
CHARACTERISTICS OF THE PLUME IN THE ZONE OF
FLOW ESTABLISHMENT NEAR THE SOURCE AND
PRINTS OUT THE LENGTH OF THE DEVELOPMENT
ZONE OR STARTING LENGTH. THERE IS USUALLY A
SLIGHT PAUSE WHILE IT DOES THIS. THEN FOR
SELECTED INTEGRATION STEPS IT PRINTS OUT THE
FOLLOWING:

X - CROSS CURRENT DISTANCE
Y - DOWN CURRENT DISTANCE
Z - VERTICAL DISTANCE FROM SOURCE

THESE THREE COORDINATES GIVE THE
THREE-DIMENSIONAL TRAJECTORY OF THE
CENTERLINE OF THE REFERENCE PLUME

TH1 - IS THE LOCAL PLUME FLOW DIRECTION
RELATIVE TO THE CURRENT WITH 90 DEGREES
BEING IN THE DIRECTION OF THE CURRENT.

| TH2 -1S THE LOCAL PLUME FLOW DIRECTION
C RELATIVE TO THE HORIZONTAL WITH 90
T DEGREES BEING VERTICAL.




WIDTH - IS THE DIAMETER OF A SINGLE PLUME OR
~ SIDE WIDTH OF MERGED PLUMES (NOT LENGTH SINCE
| © THAT DEPENDS ON THE LENGTH OF THE DIFFUSER)

DUCL, DRHO, DCCL, AND DTCL ALL REFER TO THE
RATIO OF THE LOCAL DIFFERENCE BETWEEN THE
LOCAL CENTERLINE VALUE AND AMBIENT VALUE
TO THAT SAME DIFFERENCE AT DISCHARGE
LEVEL FOR VELOCITY, DENSITY,
CONCENTRATION, AND TEMPERATURE
RESPECTIVELY. FOR EXAMPLE DUCL = (Ucl - Ua)
AT ELEVATION Z DIVIDED BY (Ujet - Ua) AT
DISCHARGE ELEVATION WHERE U IS VELOCITY, cl
IS CENTERLINE, a 1S AMBIENT, AND jet IS THE
DISCHARGE VALUE.

TIME - IS THE TIME OF TRAVEL FROM THE DISCHARGE
TO THIS POINT IN SECONDS.

DILUTION - IS THE LOCAL AVERAGE PLUME
DILUTION, Q/Qo, 1.0 BEING NO DILUTION AT ALL.
IT IS ABOUT 1.93 TIMES THE CENTERLINE OR
MINIMUM DILUTION FOR SINGLE PLUMES AND 1.43
TIMES THE CENTERLINE DILUTION FOR
COMPLETELY MERGED PLUMES.

THE PROGRAM PRINTS OUT WHEN THE PLUMES JUST
BEGIN TO MERGE, WHEN AND IF THE PLUME
REACHES AN EQUILIBRIUM HEIGHT IN A STRATIFIED
AMBIENT (DRHO BECOMES NEGATIVE AT THIS

= POINT), AND IF THE PLUME REACHES THE SURFACE.




THE PROGRAM STOPS ONCE THé PLUME REACHES
THE SURFACE OR THE TRAPPING LEVEL SINCE THE

MODEL IS NOT GOOD BEYOND THAT POINT.

MODEL THEORY
THE GENERAL PARTIAL CURRENT
DIFFERENTIAL EQUATIONS
OF MOTION CAN BE z
INTEGRATED ACROSS THE ¢}
PLUME TO YIELD THE

FOLLOWING SET OF
GOVERNING EQUATIONS
WHEN APPLIED TO THE
COORDINATE SYSTEM
SHOWN IN SKETCH:




CONSERVATION OF MASS:

‘

© - ~
, 9 (ardr-E
ds,
je where s is the coordinate along the centerline of
' the plume

u = the velocity in the s direction
r = the coordinate normal to the plume centerline

E = the rate of entrainment of mass into the plume

|~ CONSERVATION OF ENERGY

oo o0

d (- ar_ r_
—|uT rdr = -—— [ urdr
ds, ds

- where T' is the temperature of the plume above the
ambient.

T, = the ambient temperature




CONSERVATION OF SPECIES

d
uX rdr = -—= | urdr
ds ds 0

where X, is the concentration of species i.

S- MOMENTUM:
: u?rdr = U EsinB,cosb, + fg (p“_p)rdrsinez
I* ds p
€
| CURVATURE COMPONENTS OF MOMENTUM
* . db y - EU _sinB,sin6,
| —2 = gsinB, (P. p)rdr >IY,n
ds o P
f rdr—
' de, EU cosf,
| ds

- -
cosB,, ( fuzrdr— T)




THE PROCEDURE IS TO ASSUME PROFILES FOR
VELOCITY, TEMPERATURE AND CONCENTRATION

| © INTERMS OF CENTERLINE VALUES AND PLUME

SIZE.

IN UDKHDEN IT WAS ASSUMED THAT:

u=Au + U_cosB,sinB,

were subscript C refers to centerllne values and b is
the plume radius.

THESE 3/2 POWER LOW
PROFILES ARE SIMILAR
TO GAUSSIAN PROFILES PRPFILES
BUT HAVE DEFINITE
EDGES AS SHOWN .

GAUSSIAN

THE ENTRAINMENT

. € FUNCTION, E, IS

REQUIRED FOR CLOSURE. IN UDKHDEN,




Iy Before Merging

a a,b
(© E=(a,+ -F—z)[blAuc - U_cosB,|(1 - Z ) +a5U_bsinb, ]

L

After Merging

a a ‘
E=(a,+ —F-:i)[blAuc- U_cosB,|(1 - -;4)(1 - Ecos 1_§b)

L m
+ asumésinez]

WHERE L IS THE SPACING BETWEEN PORTS.

THE COEFFICIENTS a, ARE DETERMINE BY
EXPERIMENT.

THE EQUATIONS ARE EVALUATED FOR SMALL
VALUES OF AS USING A FOURTH ORDER RUNGE-
KUTTA SCHEME FOR ACCURACY ALONG THE
TRAJECTORY. IF A REQUIRED ACCURACY
CANNOT BE OBTAINED WITH A GIVEN AS, IT IS
HALVED AND THE SOLUTION IS TIRED AGAIN.

THIS IS REPEATED UNTIL PROPER ACCURACY IS
ACHIEVED.




WHEN PLUMES MERGE, THEY ARE ASSUMED TO
OVERLAP GRADUALLY GIVING VARIABLE

| PROFILES AS SHOWN BELOW AND THE

| ENTRAINMENT SURFACE IS VARIED
ACCORDINGLY AS GIVEN ABOVE.

LINES OF SYMMETRY

{ ENTRAINMENT
SURFACE

]
AREA CONSIDERED

MERGING PLUMES

. USING UDKHDEN IN SHALLOW WATER
’ MANY DISCHARGES OCCUR IN SHALLOW WATER
WHERE THE PLUME FILLS THE WATER COLUMN

WATER SURFACE
\V4

a 0. S GEAVAN




};

THIS IS VERY SIMILAR TO THE AREA

{* CONSIDERED BY MERGING PLUMES IN UDKHDEN
‘ IF ROTATED BY 90 DEGREES!

— ——— SURFACE

LINES OF SYMMETRY
BOTTOM

AS A RESULT, WE CAN USE UDKHDEN TO
SIMULATE A PLUME IN SHALLOW WATER. THIS IS
DONE BY SETTING THE WATER DEPTH AS THE
INPUT VARIABLE PORT SPACING AND SETTING
THE DEPTH TO A LARGE NUMBER WHICH
REPRESENT LATERAL DISTANCE.

TO INTERPRET THE RESULTS:

1. IGNORE THE VERTICAL, Z, COORDINATE
SINCE IT ASSUMED THAT THE PLUME IS
CENTERED IN THE RIVER.

2. WHEN THE PROGRAM INDICATES MERGING,

C IT HAS JUST FILLED THE WATER COLUMN.




1.

w N

LIMITATIONS
USE WITH SINGLE PORT DISCHARGES OR
MULTIPLE PORTS WHERE PLUMES DO NOT
MERGE. THE RESULTS CAN'T BE USED
BEYOND WHERE THE PLUMES MERGE.
VERTICAL DISCHARGES IN SHALLOW WATER.
DISCHARGES WITH HIGH BUOYANCY MAKING
THEM FLOAT. THIS IS MEASURED BY THE
DISCHARGE FROUDE NUMBER PRINTED OUT
BY PROGRAM. IF FROUDE NUMBER IS LESS
THAN 5, TO NOT USE THE IMAGE METHOD.

F.__ Y _ MOMENTUM
° JgDAp/p BUOYANCY




THEORETICAL ANALYSIS-OF THE PDS
PROGRAM

The theoretical analysis used to develop the three-
dimensional surface plume program (PDS) is based
on an earlier model by Prych. It was modified to its
present form by Davis and was tuned to data by
Shirazi, hence PDS (see "Workbook of Thermal
Plume Prediction-Vol.2-Surface Discharge,”
Environmental Protection Agency Report EPA-R2-
72-005b, May 1984 by M.A. Shirazi and L.R. Davis).

DILUTION Vs
> ‘S S/ ‘S
T'
5 J .,
r— l,’ :»; . / /, \\.
- 10 ‘1| &/~ CONTOUR
iy ~  WIDTH
20 T/
1 30 | |
I




Plumc Cross section

Plume

_— ’Profil n/Shape

Discharge Channe

The method of analysis is an integral approach
which assumes similarity of temperature and velocity
profiles and the principle of entrainment. The profiles
assumed are Gaussian such that:

T =T_exp(-n*/B?)-exp(-Z%H? (2)

U, = U, exp(-n*/B?) - exp(-Z?/H?) + V cosB (3)

where n and Z are distances perpendicular to the
plume centerline in the lateral and




vertical directions, respectively, T and U_ are the
Centerline temperature and Velocity respectively and
V is the ambient velocity .

With the temperature and velocity profiles assumed,
the energy, volume and momentum fluxes can be
integrated across the plume at any cross section
leaving them in terms of centerline values and plume
characteristics width, B, and Depth, H. Accordingly,
the volume flux becomes

U
Q - f fA(U,)dqdz = MHB( + Vcose) ()

where the limits of integration for V cos 8 are taken
as the bottom half of the region:

(——)2 + (
/28 \fH

Solving (3) for U, yields

(5)

= 2 (~—— - Vcos0) (6)
nHB




The heat flux, J,is:

é f f U T.dndZ = -—TBH(—-+VcosB) - %—T 7
The momentum flux, M, is:
U Q2
M = || U%dndZ = nBH (= + VcosB)? = (8)
. f f,, Al (2 ) nBH

The quantities dQ/ds, dT/ds, and dM/ds are calculated
from conservation equations. dQ/ds is assumed to be
due to contributions of jet entrainment and ambient
turbulent mixing, thus:

| © dQ _dq, , dQ
ds ds’ ds?®

(9)

The jet and ambient contributions are both divided into
vertical and horizontal components. The horizontal jet
entrainment fluid is:

dQ

0
dsllh:250 f AUdZ . Cao

-V2H

where
AU = (U%+ VZ%sin?0)"2 exp(-Z%4H?) | (11)




| and E, is an entrainment coefficient. By inserting (10) into
|* (9) we obtain:

»
g—Q’l,-,h - MHE,(U? + VZsin8)'? (12)

ds

| The verticai'jet entrained fluid is:

| e V28
gg_ljv = 2 fEAUv dn (13)
ds ™ 0

where E = E_f(Ri) and Ri is the local Richardson number
| given by:

R . V2 HT(sn0)
i i (14)
F2 AU?

| The function f(R) is a curve fit to data. It is:
f = [exp(-5R,) - 0.0183]/ 0.982 (15)

i The velocity difference AU, is given by:
® AU, = [U?exp(-2n*B?) + V?sin®0]'? (16)

The term T is the surface excess temperature at a
| distance n from the plume centerline. The value of the
1 tegral (12) is determined numerically in the program.




;' The effective entrainment due to ambient turbulent mixing
calculated as follows:

e ;:
ﬁ qQ, ., = 110l | an |
ds B U,H, ' (‘
k
] €
| g_glav _ 1108 _Sv (R (18)
ds * H UH,

| where ¢, and €, are the horizontal and vertical turbulent
{* diffusion coefficients, respectively.

I The change in heat flux along the plume due to heat 3
exchange with the atmosphere is expressed as: E

& - 2 [ KTdn = JuKTB (19)

- ,
where K is a dimensionless heat exchange coefficient.

Substituting (18) into (10) yields:

I T ofuks + 29 o0
ds Q dS

| €




I, The conservation of momentum is applied in the s-

| direction and then divided into X and Y components. The
| @et forces on the plume are balanced by the change in
momentum flux. The forces considered important are (a)
{ the internal pressure forces due to buoyancy, (b) form

| drag due to ambient current and (c) interfacial shear

e forces.

The pressure forces are found by determining the excess
pressure due to buoyancy as a function of depth and then
integrating the pressure over the vertical cross section of
the plume. Thus, the normalized pressure force is:

©

P = "JEUA[ 7T,d2] dA = JnTHE (21)

F 2F;

o ]

The form drag acting normal to the plume centerline is
assumed similar to the drag on a solid body such that

‘i' F, = % 2C,HV|V|sin*6 . | (22)

D

:i where C, is a drag coefficient.

,




" he interfacial shear forces are assumed to be similar to
turbulent flow over a flat surface with a boundary layer
thickness of (2)"?H and a velocity equal to the vector
| velocity difference between the plume and ambient

* current. Accordingly, the X and Y components of this
| shear force reduce to:

b LVE
SF, = C(—)y" | AU
x = Celm ™ |

v

[Vsin?8
(23)
e 0

le - UcosBexp(-n%/B?)]dn

V28

SF, = ~C,(——)™ f AUV cosB
RH

e

(24)
- Uexp(-n*/B?)]dn

where C. is a friction coefficient and R, is the jet
discharge Reynolds number. The value of C; is
determined by experiment.

The change in momentum flux includes the effects of the
momentum of the entrained ambient fluid, V(dQ/ds),
which acts in the X-direction. Equating the forces to the
change in momentum flux in the X and Y directions yields:




| [(M+P)cosB] - SF, + F,sin® + VdQ/ds 2s)
1 S

_i[(M+P)sin9] - SF,-F,cos0 C e

Using equations (7) and (20) for M and P, multiplying (24)
by -sin 8, (25) by cos 8 and combining yields an
expression for the change in flow direction,

do  SF,cosB-SF,sind-F,Vsin8(dQ/ds)
Q2 \/—T—I TH ZB (27)

+

nBH of?2
o]

Differentiating M and P, multiplying (24) by cos 6 and (25)
by sin 8 and combining yields equation (27).

dH
ds
o (VcosB -2Q/MBH)(dQ/ds)- (fBHZIZF )(dT/ds)

+ (Q%MBH - nH? 2F?)(dBlds)]
WRTHBI2F? - Q2mBHY™

= [SF,sinB + SF, cosB

(28)




f' It is noted that this expression for change in depth is
| ©ndefined when the denominator is zero. Hence, results
| beyond this singularity are questionable.

| Momentum in the lateral direction is included only

@7. indirectly through lateral spreading. It is assumed that the
| contributions to spreading by non buoyant horizontal jet

| mixing and buoyancy are independent of one another
such that

‘, d8 ([ dB dB
; —_——— = — + — (29)
1o ds as) ., ds),

’ here the subscripts b and nb denote buoyant and non-

puoyant terms. the non-buoyant spreading is found by
I writing equation (27) without the buoyancy terms and
assuming that

dBl/ds
dHIds

= (BIH)(dQIds),/(dQids), o)

nb

I where (dQ/ds), and (dQ/ds), are the horizontal and
vertical entrainment rates. |

SF,sin@ + SF, cosB + (Vcos8 - 22 99

ds ~(Q?/MBH)[(dQlds), /(dQids), + 1]

.©

(gﬁ) nmBH ds (31)
nb




L J

he spreading due to buoyancy is assumed to be a
function of the local excess density ratio, plume depth and
aspect ratio such that

ZF2-1

\ H

It is noted that this also has a singularity. Due to B/H
usually being large, this singularity is not encountered in
most problems.

@) _ [_2
: ds), B (32)

The preceding equations are sufficient to perform a step-
wise integration along the plume. From the local
conditions of the plume, dQ/ds is calculated. When this is
known dT/ds, d6/ds and dB/ds are calculated. With these
known, dH/ds can be calculated. These derivatives are

. integrated step-wise along the plume trajectory to give

local values of X, Y, T, H, B, 6, and Q. The method of
integration is a very accurate Hamming's Predictor
Corrector method (similar to a fourth-order Runge Kutta).

:




= |n order to start the integration within the developed zone
here the above analysis is valid, starting conditions must
| De calculated. These are determined by a simplified
analysis of the development zone and assuming that the
development length is given by the equation

I iy
| Si =54 — (33)
| = |

o

| where A is the discharge flow area and F_ is the
i discharge densimentric Froude number.
g

| © COMPUTER PROGRAM

The PDS program is written in FORTRAN 77 and
consists of a main program entitled PDS and five
subroutines, KHPCG, AREA, FCT, RED, and OUTP.

i+ The main program, PDS, prompts the user for input
variables, initializes constants, non dimensionalizes the
variables and calls subroutine KHPCG which performs
the actual calculation. Subroutine KHPCG is a standard
scientific subroutine which performs the

|




| stepwise integration of differential equations by the
» Hamming Predictor-Corrector Method.

: gubroutine SIGMAT is a subroutine that calculates the
density of the water as a function of temperature and
salinity. It is an empirical curve fit to data.

|* Subroutine AREA is a step-wise integration of the area
enclosed by surface isotherms. Subroutine FCT
calculates the derivatives of the program variables which
are used in KHPCG. Subroutine RED calculates the
reduction in the vertical entrainment

coefficient as a function of local Richardson's number.

* Subroutine OUTP converts the desired variables to
dimensional quantities and prints them out at each
integration step.




INPUT AND OUTPUT
Input and output are entered in metric units.

Input is interactive with the terminal. The user answers
prompts. After a run, the user is given a chance to
change any of the input variables and repeat a run. The
i» input variables required are:

1) A run title (one line)

2) The discharge flow rate in m%/s

3) The discharge channel width, m

- 4) The discharge channel depth (assumed
rectangular), m

5) The ambient current, m/s

6) Discharge angle relative to the current,
? degrees (zero is downstream and 90 is
perpendicular to current)

7) Discharge water temperature, C

© 8) Ambient water temperature, C




9) Salinity, ppt (both discharge and ambient
assumed the same). If fresh water, use a small
salinity such as 0.01.

10) Surface heat transfer rate (you are given
three choices, mild, average, or severe. This has
little effect on temperatures or dilution in the near
field)

11) The distance downstream where simulations
are to stop. (The program stops when this value
is reached or you have 20 pages of output or
when the excess temperature is .005 of the initial
excess temperature.)




?

,{" The output consists of the following:
| ©

{ The program plots a Y
trajectory on the screen and
shows the centerline dilution = 24
|« at selected points if you
choose the graphics version. g4
To clear the graphics, press S
the enter button. o I

.30

20

_.10"'"

100 200 300 400 X

A graphics version is being
worked on that gives contours.

v

"
The output file contains:

1) X, distance downstream in the direction of
current, m.

» 2) Y, distance perpendicular to current, m

3) Centerline excess temperature (temperature
above ambient), C.

| 4) Time of travel to this point along centerline,
;,@ sec.




5) Q/QO, average plume dilution, total flow in

~ plume divided by discharge flow.

6) QM/QO, minimum dilution at plume centerline.
7) DEPTH, plume depth, m, |20,

8) WIDTH, plume width, m , 2,/203

9) AREA, surface area within specified excess
temperature isotherms, m?. These are given for
each 1/2 degree of excess temperature. (If the
simulation is terminated before a particular
isotherm is reached on the plume centerline, only
a partial area is given)




', PLEASE NOTE: The program does not keep track of
recelving water boundaries, i.e., shore or bottom. The

Qser must check to see that the plume does not attach
itself to either shore or bottom by following the trajectory,
plume width and depth. Simulations beyond these
attachment points are in error due to changes in

[+ entrainment.

The program has been tuned to a wide variety of data and
agrees with the average of these data as outlined in the

| reference given at the beginning. It may not agree exactly
{  to each specific case but should give reasonable answers
If boundaries are not encountered.

<

| The program checks its own accuracy at each integration
r step. If the accuracy is poor, it repeats the calculations
for that step with the step size cut in half. If the accuracy
Is still poor, it continues to half the step size until it
reaches satisfactory accuracy. If it cuts the step size in
half 11 (eleven) times and still cannot achieve specified

{ accuracy the program stops. This is usually when the

£ user has input bad data. It also occasionally occurs for

{ certain combinations of current, density difference, and
discharge direction. When it does, try changing input
variables a small amount.

©




RUNNING THE PROGRAM

Copy .EXE files on one of the source disks to one of
your formatted working disks or to your hard
drive.(hard drive best)

Store the source disks in a safe place.

If you are working from your hard drive, change your
directory to the directory where you copied PDS.EXE
and type PDS. or PDSMS if you want graphics.

If you are working from floppies, put the working disk
in your computer's A: drive and type A:PDS if you
want the regular PDS or PDSMS if you want PDS with
graphics.

Answer all questions regarding for your particular
discharge and ambient conditions.

When the program prompts you for an output file,
type in the name of an non existing file where you
want the output to be stored. If you do not want the
output stored and just want to see the results, type
CON or TTY. (This does not work in graphics mode)




This sends the output to the screen. You can also
send the screen output simultaneously to the printer
by pressing CTRL and PRINT SCREEN at the same
time before running the program.

At the end of the run, the program will prompt you for
further input if you want to change any of the existing
input variables. If so, make the changes and it will re-
run the previous case with your new changes.

If you want a hard copy of your output when you are
finished and have not done so while running, type
COPY filename PRN where filename is the name of
the output file you specified. You can also bring the
file into a word processor and print it from there.




CORMIX 1-2-3
THE CORNELL MIXING ZONE SYSTEM IS A SERIES OF
SOFTWARE SUBSYSTEMS FOR THE ANALYSIS,
PREDICTION AND DESIGN OF DISCHARGES INTO
AQUEOUS ENVIRONMENTS. IT HAS AN EXPERT SYSTEM
SHELL THAT CONTROLS AND ANALYZES INPUT AND
OUTPUT.

TO OBTAIN SERVICE, UPDATES AND OTHER COPIES OF
THE MODEL CONTACT KATHRYN GREEN, EPA ATHENS
CENTER FOR EXPOSURE ASSESSMENT MODELING
(CEAM), COLLEGE STATE ROAD, ATHENS, GEORGIA
30613. PHONE: (404) 546-3130

THE HYDRAULIC CALCULATIONS ARE MADE USING
EMPIRICAL METHODS DISCUSSED EARLIER. AS A
RESULT, THE EQUATIONS OF MOTION ARE NOT SOLVED
DIRECTLY BUY RELY ON EQUATIONS OBTAINED FROM
EXPERIMENTS.

WHICH EQUATION TO USE IN THE HYDRAULIC
MODELING SUB SYSTEM IS DETERMINE BY LENGTH
SCALES DETERMINE FROM THE INPUT VARIABLES.




THE USER DECIDES WHETHER TO USE

CORMIX 1 - FOR SINGLE SUBMERGED
DISCHARGES ~

CORMIX 2 - FOR MULTIPLE PORT DIFFUSERS
INCLUDING UNIDIRECTIONAL STAGED
AND ALTERNATE PORT DIFFUSERS.

CORMIX3 SURFACE DISCHAGES

AFTER THE APPROPRIATE MODEL IS SELECTED:

THE SYSTEM IS DIVIDED INTO SECTIONS:

DATIN IN THIS SECTION INPUT VALUES ARE ENTERED
AND ANALYZED FOR CONSISTANCY

PARAM IS WHERE THE INPUT VARIABLE ARE
ARRANGED INTO PARAMETERS.

CLASS IS WHERE THE FLOW CLASS IS DETERMINED
FROM THE PARAMETERS

HYDRO IS WHERE THE HYDRAULIC CALCULATIONS

| ARE PERFORMED USING THE EQUATIONS

DETERMINED FROM THE FLOW CLASS

SUM IS WHERE THE OUTPUT IS GENERATED,
SUMMARIZED AND REGULATIONS EVALUATED




SOME GENERAL COMMENTS

CORMIX IS NOT ALWAYS CONSISTANT IN
PREDICTIONS WHEN GOING FROM ONE FLOW
CLASS TO THE NEXT. (JUMPS)

VELOCITY VARIATIONS ARE NOT ALLOW EITHER IN
THE HORIZONTAL OR VERTICAL DIRECTIONS.
DENSITY CALCULATIONS USING TEMPERATURE
AND SALINITY ARE NOT MADE. EITHER USE FRESH
WATER WITH TEMPERATURE OR OTHER
INCLUDING SALT WATER WHERE THE DENSITY
MUST BE ENTERED.

VERTICAL AMBIENT STRATIFICATION MUST FIT INTO
FOUR TYPES. ACTUAL VARIATIONS ARE NOT USED.
THIS CAUSES TRAPPING LEVELS TO BE OFF A
LITTLE IN SOME AMBIENTS.

WHEN AN ERROR IS MADE ON INPUT, THE WHOLE
SECTION MUST BE REENTERED.

CORMIX 2 USES AN EQUIVALENT SLOT CONCEPT
FOR MULTIPLE PORT DIFFUSERS WHERE THE
INLINE, ALTERNATING OR STAGED ARE SIMULATED
BY A SLOT DISCHARGE THAT HAS THE SAME FLOW
AND MOMENTUM AS THE MULTIPLE. THIS IS OKIF
THE PORTS ARE CLOSE TOGETHER BUT IF THE
PLUMES REMAIN SEPARATED FOR ANY
SIGNIFICANT PART OF THE MIXING ZONE,
PREDICTIONS WILL BE IN ERROR SINCE THE
DILUTION RATE FOR A SLOT IS DIFFERENT THAN
INDIVIDUAL PORTS.

RIVERS ARE SIMULATED AS RECTANGULAR.




10.

1.

12.

THE PROGRAM AUTOMATICALLY ACCOUNTS FOR
QUANDA ATTACHMENT TO THE BOTTOM ‘
THE PROGRAM AUTOMATICALLY ACCOUNTS FOR
SHORE ATTACHMENT ON EITHER BANK AND
RECIRCULATION.

THE PROGRAM SIMULATES DISCHARGE AT
VARIOUS VERTICAL AND HORIZONTAL ANGLES.
THE PROGRAM AUTOMATICALLY DETERMINES IF A
DISCHARGE IS IN COMPLIANCE WITH
REGULATIONS IF THEY ARE ENTERED.

CMC TOXIC MIXING ZONES ARE EVALUATAED

- BASED ON U.S.A. REGULATIONS. THEY MAY NOT

APPLY TO OTHER COUNTRIES.
FAR FIELD CONDITIONS ARE CALCULATED.

CORMIX INPUT PROCEDURE

INPUT TO ALL THREE CODES IN CORMIX ARE SIMILAR
AND ARE HANDLED INTERACTIVLY USING AN EXPERT
SYSTEM ANALYZER. PROMPTS FOR INPUT AND
EVALUATES ANSWERS. IT CONSISTS OF:

1.
2.
3

A SITE SPECIFICATIN

A CASE SPECIFICATION

AN OUTPUT FILE NAME (LIMITED TO 8
CHARACTERSS WITHOUT EXTENSION). CORMIX
AUTOMATICALLY SAVES SEVERAL FILES IN THE
CMXn\SiMn SUB DIRECTORY INCLUDING OUTPUT
(fn.CXO), SUMMARY (fn.CXS), AND INPUT.




B s S

4.

AMBIENT DATA:

A) IS IT BOUNDED OR UNBOUNDED? IF BOUNDED
GIVE RECTANGULAR WIDTH AND DEPTH AND
ACTUAL DEPTH OF DISCHARGE. IF THE
EFFECTIVE DEPTH HAS NOT BEEN MEASURED
AT THE DESIRED AMBIENT CONDITIONS, IT CAN
BE APPROXIMATED FROM:

WHERE SUBSCRIPT 1 REFERS TO MEASURRED

DATA.
Q2 5
Q1

IF THE AMBIENT IS UNBOUNDED
(DISCHARGE NEAR THE SHORE OF A
LARGE BODY OF WATER). THE AMBIENT
DEPTH IN THE AREA WHERE THE PLUME
EXISTS AND THE ACUTAL DISCHARGE
DEPTH.

B. MANNING'S N OR DARCY FRICTION

FACTOR

AMBIENT FLOW OR VELOCITY

AMBIENT DENSITY STRATIFICATION IF ANY.

IF IT IS GIVE DENSITY OR TEMPERTURE AT

POINTS TO SPECIFY ONE OF THE

FOLLOWING. CORMIX 3 DOES NOT ALLOW

STRATIFICATION.

E. WIND VELOCITY

OO
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OUTFALL CONDITIONS
THE DISTANCE FROM THE OUTFALL TO NEAREST
SHORE AND WHICH SHORE.
IF A DIFFUSER, ITS LENGTH AND DISTANCE FROM
SHORE TO BOTH ENDS. (THEY MUST AGREE IF THE
DIFFUSER IS AT AN ANGLE, THIS CAN BE A PAIN)
VERTICAL DISCHARGE ANGLE (THETA)
HORIZONTAL ANGLE. IF SINGLE PORT, ANGLE OF
PORT RELATIVE TO CURRENT (SIGMA)

IF DIFFUSER, THE ANGLE THE DIFFUSER MAKES
WITH THE CURRENT (GAMMA) AND THE ANGLE THE
PORTS MAKE WITH THE DIFFUSER (BETA)

IF A DIFFUSER, INDICATE WHETHERIT IS
UNIDIRECTIONAL, STAGED, OR ALTERNATING.
DISCHARGE FLOW OR VELOCITY

EFFLUENT DENSITY OR TEMPERATURE

PORT DIAMETER AND SPACING IF DIFFUSER.

IF A SURFACE DISCHARGE FROM A CHANNEL GIVE
WIDTH, DEPTH, FLOW DIRECTION, AND
PROTRUSION INTO AMBIENT WATER BODY.
CONCENTRATION OF POLLUTANT IN DISCHARGE. IF
THERMAL DISCHARGE, EXCESS TEMPERATURE IS
REQUIRED.
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MIXING ZONE DATA

1. IF THE EFFLUENT IS TOXIC, THE CMC, MAXIMUM
CONCENTRATION IN THE TOXIC MIXING ZONE (TMZ)
MUST BE GIVEN.

2. IF AREGULATORY MIXING ZONE, RMZ, EXISTS, THE
CCC AND SPECIFICATION OF THE ZONE MUST GE
GIVEN.

3. THE REGION OF INTEREST, ROl IS THE LIMIT TO
RUN THE MODEL.

A DATA CHECKLIST IS AVAILABLE FOR ALL THREE
MODELS. THEY HELP TO ORGANIZE YOUR INPUT AND
- MAKE SURE YOU HAVE IT ALL.

AFTER EACH SECTION YOU CAN CHANGE DATA IF
ERRORS ARE MADE.

OUTPUT
CORMIX PUTS OUT PAGES OF OUTPUT, SOME OF IT
USEFUL, SOME OF IT NOT SO USEFUL.

THE PROGRAM GIVES A SUMMARY OF THE INPUT
VARIABLES ENTERED AND GIVES DESCRIPTIVE
MESSAGES AS TO THE TYPE OF PLUME AND WHAT WILL
OCCUR.

IT GIVES THE LENGTH SCALES AND FLUXES IT USED
TO DETERMINE THE FLOW CLASS. THESE LENGTH
SCALES, FLUXES AND THE FLOW CLASS ARE OF
INTEREST TO MODELERS BUT MOSE USERS DO NOT
NEED TO SPEND MUCH TIME WITH THEM. AFTER A FEW
RUNS, YOU CAN SKIP OVER THIS STUFF.

IT GIVES A DESCRIPTION OF THE FLOW CLASS AND
THEN GOES INTO THE HYDRODYNAMICS OUTPUT.
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TABLE 2 INPUT DATA CHECKLIST FOR CC~MIX1

CORMIX1 - Submerged single port discharges — CORMIX1

SITE/CASE IDENTIFIER:
Site Name

Prepared by:

Discharger

Poliutant

Date prepared:

Design Case

DOS FIiLE NAME

AMBIENT DATA: ‘
Bounded or unbounded?

Channel width m
Channel depth m
Depth at discharge m
Ambient flowrate m3/s or: Ambient velocity m/s
Manning’s n or: Darcy-Weisbach f
Density data: Density units: kg/m?
Fresh or salt water? Temperature units: °C
Density or temp. values?
{f yniform: If stratified:
Average density/temp. Density/temp. at surface
Density/temp. at bottom
Stratification type
(Pycnocline height m)
(Density/temp. jump )
DISCHARGE DATA:
Nearest bank (left/right}?
Distance to nearest bank m
Vertical angle (THETA) °
Horizontal angle (SIGMA) °
Port height m
Port diameter m or: Port area m?
Discharge flow rate m%/s or: Discharge velocity m/s
Discharge density kg/m?® or: Discharge temp. °C
Concentration units
Discharge concentration
MIXING ZONE DATA:
Is effluent toxic? I1f yes: CMC value
CCC value
Is there a WQ standard for
conventional pollutant? If yes: value of standard
Any mixing zone specified? If yes: distance m
or width {% or m)
or area (% or m?
Region of interest m

Grid intervals for display

Date of data input into CORMIX1:
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TABLE 3 N DA CHECK FOR_CO A

CORMIX2 - Submerged muitiport diffuser discharges - CORMIX2

SITE/CASE IDENTIFIER: Prepared by:
Site Name
Discharger
Poliutant Date prepared:
L Design Case

' DOS FILE NAME

AMBIENT DATA:
Bounded or unbounded?
Channel width m
Channel depth m
Depth at discharge m
m

Ambient flowrate 3/s or: Ambient velocity m/s

Manning's n or: Darcy-Weisbach f
u Density data: Density units: ' kg/m?
Fresh or salt water? - Temperature units: °C
Density or temp. values?
If yniform: if stratified:
Average density/temp. Density/temp. at surface
Density/temp. at bottom
G Stratification type
' (Pycnocline height m)
{Density/temp. jump )
DISCHARGE DATA:
10 Nearest bank {left/right)? Distance to one endpoint m
Diffuser length m to other endpt. m
Total number of openings
Port diameter m with contraction ratio
Diffuser arrangement/type
Alignment angle (GAMMA) ° Horizontal angle (SIGMA) °
Vertical angle (THETA) ° Rel. orientation (BETA) °
Port height m .
Discharge flows rate m®/s or: Discharge velocity m/s
Discharge density kg/m® or: Discharge temp. °C
Concentration units

Discharge concentration

MIXING ZONE DATA:

Is effluent toxic? If yes: CMC value
CCC value
Is there a WQ standard for
conventional poliutant? If yes: value of standard
Any mixing zone specified? If yes: distance m

or width (% or m)
or area (% or m?)
Region of interest m

Grid intervals for display

Date of data input into CORMIX2:
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TABLE 4 ATA_CHEC FOR_CORMI

CORMIX3 -- Buoyant surface discharges - CORMIX3

SITE/CASE IDENTIFIER:
Site Name

Prepared by:

Discharger

Pollutant

Date prepared:

Design Case

DOS FILE NAME

AMBIENT DATA:
Bounded or unbounded?
Channel width
Channel depth

m
m

Ambient flowrate m3/s or: Ambient velocity m/s
Manning’s n or: Darcy-Weisbach §
Density data:
Fresh or salt water?
Density or temp. values?
Average density kg/m® or: Average Temperature *C
DISCHARGE DATA:
Discharge located on left/right bank?
Discharge configuration (flush, protruding, or coflowing)
Horizontal angle (SIGMA) * If protruding:
Depth at discharge m Distance from bank m
Bottom slope (THETAB) ° .
If rectangular cross-section: If circular cross-section:
Discharge channel width m Outlet pipe diameter m
Discharge channel depth m
Discharge flowrate m®/s or: Discharge velocity m/s
Discharge density kg/m*® or: Discharge temp. °C
Concentration units
Discharge concentration
MIXING ZONE DATA:
Is effluent toxic? If yes: CMC value
CCC value
Is there a WQ standard for
conventional pollutant? If yes: value of standard
Any mixing zone specified? If yes: distance m

Region of interest
Grid intervals for display

or width (% or m)
or area (% or m?)

Date of data input into CORMIXé:




IT GIVES A SECTION ON THE MIXING ZONE, TOXIC
REGION AND REGION OF INTEREST. UNFORTUNATELY
OUTPUT IS REPRESENTED BY COMPUTER VARIABLES
THAT THE USER MUST BE FAMILAR WITH

HYDRODYNAMIC OUTPUT IS DIVIDED INTO MODULES
SUCH AS:

DISCHARGE MODULE

WEAKLY DEFLECTED WALL JET

STRONGLY DEFLECTED WALL JET
BOUNDAY IMPINGEMENT/VERTICAL MIXING
BUOYANT SPREADING

PASSIVE AMBIENT MIXING

OhWN~

BEFORE EACH MODULE IT DEFINES THE VARIABLES
AND COORDINATE SYSTEM. IT THEN GIVES THE
OUTPUT FOR THAT MODULE INCLUDING:

PLUME TRAJECTORY

DILUTION

CONCENTRATION

SIZE
IT THE CMC OR CCC VALUES ARE REACHED, IT IS
REPORTED. WHEN THE MIXING ZONE EDGE IS
REACHED IT IS REPORTED.

IF SUGGESTIONS ARE DESIRED REGARDING
IMPROVEMENTS FOR THE DISCHARGE, CORMIX WILL
GIVE THEM.




EXAMPLE CHECK LIST

17
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SURFACE DISCHARGE FIGURES.

15




STRATIFICATION FIGURES.

11
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DIFFUSER ANGLE DEFINITIONS
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PSY - River Model

THE PSY RIVER MODEL IS FOR SHALLOW RIVERS

AND SHORE ATTACHED PLUMES. IT IS APURE
DIFFUSION MODEL BASED ON AMBIENT
TURBULENCE. IT DOES NOT CALCULATE THE NEAR
FIELD WHERE JET ENTRAINMENT AND TURBULENCE
CAUSES INITIAL DILUTION. THIS MUST BE ADDED
SEPARATELY IF DESIRED.

IT DOES INCLUDE THE EFFECTS OF BOTH SHORES
AND THE PLUME FILLING THE RIVER. IT ALSO
INCLUDES THE EFFECTS OF RIVER BENDS ON THE
DIFFUSION.

FAR SHORE e

RIVER CURRENT

CONTOURS

DISCHARGE NEAR SHORE




IT IS BASED ON THE THEORETICAL DEVELOPMENT
BY P.P. PAILY AND W.W. SAYRE, "MODELING OF
SHORE-ATTACHED THERMAL PLUMES IN RIVERS,"
JOURNAL OF THE HYDRAULICS DIVISION, ASCE,
VOL. 104, NO HY5, MAY 1978. THE CODE WAS
WRITTEN BY NICK YEN. IT IS BASED ON THE
STANDARD TRANSIENT DIFFUSION EQUATION:

%—tc— = -VC-U + ¢ V°C

where C=_5+C
andU = U+U

USING THE STANDARD TURBULENCE ASSUMPTIONS
THESE EQUATIONS REDUCE TO:

oC oC %, aC
—_—+ 4, — = - — ei_.
ot oX; oX; OX;

1 I

WHERE €, 1S THE TURBULENT DIFFUSION
COEFFICIENT IN THE I DIRECTION.

WHEN DEPTH AVERAGED CONDITIONS ARE USED,
THE VERTICAL DIRECTION DISAPPEARS.




IF THE THE DIMENSIONLESS DISTANCE ACROSS
THE RIVER IS REPLACED BY THE DIMENSIONLESS
FRACTIONAL RIVER FLOW, p = q/Q, SUCH THAT P
IS 0 ON THE NEAR SHORE AND 1 AT THE FAR
SHORE, THESE EQUATIONS REDUCE TO:
2
o e
0X ap2

where D IS TRANSVERSE DIFFUSION COEFFICIENT.

THE SOLUTION OF THIS EQUATION USING THE
APPROPRIATE BOUNDARY CONDITIONS IS:

p 1
1 2
po0 21

where C, IS THE INITIAL SOURCE STRENGTH AT X=0
IF AN INITIAL DILUTION ISDEFINEDAS P = aQ,_/Q,

-WHERE Q, AND Q, ARE THE DISCHARGE AND RIVER

FLOW RESPECTIVELY AND THE FAR SHORE IS
CONSIDERED USING AN IMAGE ANALYSIS THE FINAL

SOLUTION IS |
C(p.x) - C _
(p,X) 3“1{F,(p+P)—F,[p,P)+}
Op Op

c,-C, a




-C o)

o a

[C(p.x) - C,] - a _ Fr[ p +P) _ Fr( P—P)
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where IS THE STANDARD DIVIATION IN
0, = \/2 DXx

p DOMAIN, C, AND C, ARE THE DISCHARGE AND
AMBIENT CONCENTRATION. THE FUNCTION :

F_IS THE STANDARIZED MOMULATIVE NORMAL
DISTRIBUTION FUNCTION CORRESPONDING TO THE
PROBABILITY FUNCTION:

fp-gx) - —e 2%

Op \/EE

+




THE SUMMATION TERMS COME FROM THE IMAGE
SOLUTION REPRESENTING REFLECTIONS FROM THE
FAR SHORE. ONLY THE FIRST 4 FOR 5 ARE NEEDED
FOR REASONABLE ACCURACY.

THE EQUATIONS CAN EASILY BE SOLVED USING A
COMPUTER. THE MAXIMUM CONCENTRATION AT

THE NEAR SHORE IS WHERE p = 0. THE REAL.

PROBLEM IS FINDING THE CORRECT VALUE FOR
THE TRANSVERSE DIFFUSION COEFFICIENT, D.

DIFFUSION COEFFICIENT

THE DIFFUSION COEFFICIENT USED IN THE
PROGRAM IS CALUCLATED FROM:

a n Q(J)SIG

0.063 B2

D =

WHERE d IS THE AVERAGE RIVER DEPTH, B IS THE
RIVER WIDTH, n IS MANNINGS n, g IS GRAVITY AND o
IS A DIFFUSION COEFFICIENT GIVEN BY:
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WHERE u* IS THE SHEAR VELOCITY, (gdS)"", SIS
THE ENERGY GRADIENT FROM MANNING'S
EQUATION, AND r. IS THE RIVER CURVATURE. FOR
STRAIGHT RIVERS r, IS SET TO 25 B. THE PROGRAM
ALLOWS FOR DIFFERENT COEFFICIENTS FOR
DIFFERENT REACHES OF THE RIVER.

PROGRAM INPUT AND OUTPUT
PROGRAM INPUT CAN BE EITHER INTERACTIVE OR
BATCH FROM AN INPUT FILE. FOR THE INTERACTIVE
MODE, RUN THE PROGRAM AND ANSWER
QUESTIONS. INFORMATION NEEDED IS:
TITLE INFORMATION
EFFLUENT FLOW IN m3/s
RIVER FLOW IN m®/s
INITIAL CONCENTRTION
AMBIENT CONCENTRATION
INITIAL DILUTION (1 - 4) 1.0 BEING NO DILUTION
NUMBER IF SUB REACHES IN RIVER
. INPUT FOR EACH SUB REACH GIVING r, B, d,
S(SLOPE) AND DISTANCE TO END OF SUB REACH in
meters. \

°°.\‘.°’.U":“.°’!\’.-‘




TO MAKE IN INPUT FILE:

Title Information

0
r
o}

a

D OO0O

Number is reaches

r., B, d, S, Distance (m) to downstream end of subreach
(one line for each sub reach starting at discharge)

OUTPUT
OUTPUT CONSISTS OF THREE TABLES AS FOLLOWS:
DISTANCE D/S Cuax - C. DILUTION
X. X X
X. X X
X. X X




CONCENTRATION AREA MAX WIDTH MAX
CONTOUR DISTANCE
0.5 X X X
0.4 X X X
0.2 X X X

THE LAST TABLE IS OPTIONAL AND CONSISTS OF:

CONCENTRATION CONTOURS

0.2 o5 |
DIST. | WIDTH { AREA | WIDTH | AREA | WIDTH | AREA
X X X X X X X
X X X X X X X
X X X X X
X X X X X
X X X
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Problem Nc. 1

UM. UDKHDEN. CORMIX SAMPLE PROBLEM

i A DIFFUSER CONSISTING OF 285

f PORTS ON ALTERNATE SIDES OF
A DIFFUSER. THEY ARE SPACED . 285 PORTS
24’ APART ON A SIDE (12' APART N »
ON ALTERNATE SIDES) <«

TOTAL FLOW = 102 MGD (MILLION PN
GALLONS PER DAY) A
EFFLUENT TEMP =25 C |
EFFLUENT SALINITY = 0.0 PPT |
DEPTH OF CENTER PORT =70 m

(MLLW)

PORT DIAMETER = 8.5 ¢cm

PORT ELEV.. = 0.84 m

VERT ANG = HORIZONTAL = 0.0 (DEFAULT)

CONT COEF = 1.0 (DEFAULT)

POLLUT CONC. = 100

HORIZ ANG = 90

FAR FIELD VEL = 15 cmi/s

DEPTHm |CURR DENS SALppt |TEMPC |CONC
0.00 0 34.99 26.18 0
3048 0 35.00 25.60 0
f 45.72 0 35.02 24.95 0
: 60.96 0 35.00 24.60 0
76.20 0 35.02 21.22 0

DETERMINE THE DILUTION AND CONCENTRATION AT THE TRAPPING
LEVEL AND AT THE END OF THE FAR FIELD (2000 m)




Problem No. 2

CORMIX, UDKHDEN, UM CASE STUDY:

DISCHARGE: 0.082 m?/s, FRESHWATER AT 25 C

RIVER: NARROW-SHALLOW , the 7Q10 Q = 8.1 m?®/s, Width 200-300 ft, The
effective rectangular shape of the river is taken as 80 m wide and
0.6 m deep.
The river is fresh water with an average temperature of 20 C - non
stratified.

OUTFALL: Case 1: Single port discharge 8-in{20 cm) diameter pointed

downstream. Located 30 m from right bank on 0.14 m off bottom.
Case 2: Multiple port diffuser: 8 m long whose center is 70 feet (21
m) from the right bank. 7 equally spaced nozzies 2.5-in {0.0635 m)
in diameter point downstream.

Regulations: RMX is 1000 ft downstream (304.8m). The required dilution is 50. The
effluent is not toxic as a result no TMX (ZID) exists.

Will either of the proposed outfalls work?
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A municipal sewage treatment plant discharges treated sewage into a bay. A multiple port diffuser is being
studied to reduce chiorine concentrations at the edge of the mixing zone. Since the plant is existing and is
planning on future expansion to accommodate population growth of the city, various flows and
configurations are to be considered.

OUTFALL: The diffuser consists
of a "Y" with each leg of the "Y" having ports. The
angle between legs is 90 degrees and the residual

current flows an angle of 45 degrees to each. LEG 1

Ports point downstream (at 45 degrees to the LEG 2
current) and up at an angle of 32 degrees with the CURRENT

horizontal. -«

For discharge rates from 0.5 to 2.0 m3/s the
diffuser being considered has 50 ports spaced
2.5 m apart. The port diameteris 10 cm. (Only
one leg of the "Y™ is used.

For discharge rates from 2.8 to 5.0 m3/s, the
diffuser considered has 100 ports spaced 2.5 m
apart. The port diameter is 10 cm. (2nd leg of the
y diffuser opened). The effluent is freshwater at

20C
AMBIENT The ambient is sea water with a salinity of 28 ppt. The
worst case condition is when the current is low at 0.006 m/s and there is density
stratification. The low tide depth is 10 m. Temperature stratification under worst
‘conditions is measured to be.
Dertr - meters Terperature -~ C
0 24.9
1 22
3 2.8
4 1o
¢ 11.4
10
Regulations: The minimum dilution at the edge of the mixing zone must be at least 30. The
mixing zone is defined as that location where the plumes fill the water column oris
trapped.
BN ne e o e flews for 2ach diffdser configuration
Demrnra rzie guumons o e amtennie nol stranfisd and the ambient tempsraturs is constant at 29 C




Problem No. 4
UDKHDEN CASE STUDY
A textile plant discharges waste water into a shallow river. Conditions are as follows:

DISCHARGE: 0.044 m®/s of fresh water at 21.5 C through a single 0.318 m diameter
port. It is discharged horizontally, normal to the river current.

RIVER: 100 m wide, 3.0 m deep, 0.366 m/s average current. Average temperature
=21C
REGULATIONS: Dilution must be at least 75 within a mixing zone of 100 meters
downstream.

Use the image method to simulate discharge into a shallow river and estimate the dilution at the
edge of the mixing zone. Determine where the plume fills the water column. Estimate the width of
the plume 100 m downstream.




Problem No. 5
UDKHDEN, UM AND CORMIX2 CASE STUDY

A paper mill discharges colored waste water into the ocean from a submerged diffuser. The
following specifications apply:

Diffuser: 4 equal ports spaced 4.6 m apart, 20 cm in diameter. They are on 50 cm risers and
discharge perpendicular to the diffuser manifold pipe at a vertical angle of 40
degrees. The prevailing ocean currents are normal to the diffuser. Because of
severe sand problems in the area, not all ports are open all the time. As a result, 2,
and 4 ports must be considered. The center of the diffuser is 7.0 meters below
MLLW.

Discharge: The effiuent is fresh water with a density of .9974 gm/cc. The maximum discharge
rate is 13 mgd (0.56 m?/s).

Ambient: The ocean is stratified during the winter conditions being considered as follows
Depth - m Density gm/cc current m/s
0.00 1.02472 0.152
1.0 | 1.02472 0.152
2.0 1.02503 0.152
3.0 1.02503 0.152
6.0 1.02510 0.140
7.0 1.02518 0.09

A dilution of 50 is required when the plume is trapped or reaches the surface. Determine whether
this is satisfied for the three operating conditions with 2,and 4 ports open. Assume the same
spacing for each.




Probiem No. 6

PDS CASE STUDY:

An industrial plant is to discharge into an estuary from a side channel giving a surface plume.

Specifications are:

OUTFALL:

EFFLUENT:

ESTUARY:

REGULATIONS:

2.0 m wide. Depth varies as tide from 2.0 m to 0.025 m point 90 degrees
to tidal currents.

2.2 m3/s of 25 ppt salt water with an average temperature of 25 C. It
contains copper at 80 ugm/L

6.0 m deep at MSL. Currents range from +0.7 m/s to -0.5 m/s. The depth
at discharge is about 2.5 m and drops off at about 11 degrees slope. Mean
salinity is 25 ppt and the temperature is 15 C. (density of 1018 kg/m?)

The regulatory mixing zone is a semi-circle of radius = 300 m. The CMC is
25 ugm/L. and the CCCis 15 ugm/L

Make several predictions during the tidal cycle to determine if this outfall will be in compliance with

regulations. Check
simulate discharge.

Curtent Velocity m/S

to see if the plume attaches to the shore. If so, use the image method to
Determine the surface area enclosed by the 2 degree isotherm for each case.

o /"'\ ‘=10
—— Cyrrent Velocity \
mamasen Tidal Elevation /
/ \
/ \
Design ' \
Condition \\
osh \ —19¢
Flood \
\ €
\ .
\
l \ 0 MmsL :
8 20 Hour W
=
~-as
-0k —-1.0
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Problem No. 7
PDS CASE STUDY 2:

An electrical power plant is located on the shore of a large lake. It discharges 25.1 m®/s of water
used to cool the condensers. The outfall structure protrudes into the lake about 55 m at an angle
of 60°. The heated water is discharged at an excess temperature of 8.3 C. The width of the
discharge channel is 10.7 m and the average depth in the channel is 4.0 m. The ambient current is
essentially zero but .03 m/s is more realistic and flows along the shore. Winds are moderate to zero
under worst case conditions and the lake temperature to be considered is 20 C.

Determine the extent and surface area of the 2 degree excess temperature isotherm.

/o ‘
e
i
; 8 meters
: I
_1 Deg.
LAKEat20C
CURRENT
/DISCHARGE at28.3C




Problem No. 8
CORMIX 3 CASE STUDY:

An industrial plant is to discharge into an estuary from a side channe! giving a surface plume.
Specifications are:

OUTFALL: 2.0 m wide. Depth varies as tide from 2.0 m to 0.025 m pointed 90 degrees
to tidal currents.

EFFLUENT: 2.2 m 3/s of fresh water with an average temperature of 20C. It contains
copper at 80 ugm/L

ESTUARY: 6.0 m deep at MSL. Currents range from +0.7 m/s to -0.5 m/s. The depth
at discharge is about 2.5 m and drops off at about 11 degrees slope. Mean
salinity is 25 ppt and the temperature is 20 C. (density of 1018 kg/m?)

REGULATIONS: The regulatory mixing zone is a semi-circle of radius = 300 m. The CMC is
25 ugm/L and the CCC is 15 ugm/L .

Make several predictions during the tidal cycle to determine if this outfall will be in compliance with
regulations.




Problem No. 9
CORMIX 3 AND PDS CASE STUDY

A large power plant is located in an estuary that is about 3 km wide. The plant discharges 60 m?/s
of heated 60 C water at 90 degrees to the shore through an open channel. The channelis 10 m
wide and the depth varies from 2.0 to 2.5 m from low to high tide. At low tide the current reaches
0.3 m/s downstream. At high tide the flow reverses to a maximum of - 0.025 m/s. The average
depth of the estuary is 8 m and has a temperature of 10 C. Regulations state that the excess
surface temperature cannot exceed 4 C outside a radius of 2000 m from the discharge point.
Assume that the water depth at the discharge point is 4 m and siopes at 30 degrees

Investigate the applicability of this discharge. Will it satisfy regulations? Will it hit the far shore?




Problem No. 10

CORMIX3 AND PDS CASE STUDY

A chemical plant discharges cooling water into a large river. The river is influenced by the tide
giving a depth and velocity variations as given in the graph. The plant discharges 0.84 m?/s of fresh
water at 25.5 C through an open channel that points upstream of 100 degrees {90 being normal to
shore). At low tide the discharge is through a channel 4.51 m wide and about 0.6 m deep. At
high tide the flow is from a 50 m wide channel whose average depth is .2 m. The average river
temperature is 13.3 C. The toxicity is such that an average dilution during the tidal cycle must be
at least 3.0 at the edge of a 180 m mixing zone.
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DESIGN PROBLEM

THE TREATED WATER FROM A SEWAGE TREATMENT PLANT IS TO BE DISCHARGED INTO A
NARROW RIVER. THE MAXIMUM SUMMER DISCHARGE FLOW IS 0.6 M*/S. THE 7Q10 RIVER
FLOW GIVES AND AVERAGE RIVER DEPTH OF 8 METERS AND A WIDTH OF 30 METERS WITH AN
AVERAGE VELOCITY OF 10 CM/S. THIS RIVER IS FRESH WATER AND HAS AN AVERAGE
TEMPERATURE OF 15 C. THE EFFLUENT IS ALSO FRESH WATER WITH AN AVERAGE
TEMPERATURE OF 20 C.

THE TRACER OF CONCERN IS CHLORINE USED FOR DISINFECTING THE WASTE WATER. ITS
CONCENTRATION AT DISCHARGE IS 0.5 MG/L. REGULATIONS ARE THAT THE AVERAGE PLUME
CONCENTRATION OF CHLORINE CANNOT BE GREATER THAN .019 MG/L WITHIN 10 METERS OF
THE OUTFALL AND 0.01 MG/L WITHIN 100 METERS OF THE OUTFALL. IN ADDITION, THE
DISCHARGE VELOCITY IS REQUIRED TO BE AT LEAST 3 M/S UNDER MAXIMUM SUMMER
DISCHARGE RATES.

USE WHATEVER MODEL YOU THINK IS APPROPRIATE AND COME UP WITH A SUGGESTED
DESIGN THAT WILL HAVE THE SMALLEST IMPACT ON THE RIVER. (YOU MAY WANT TO TRY
DIFFERENT MODELS). WHEN YOU HAVE FINISHED, I'LL SHOW YOU WHAT WAS ACTUALLY
BUILT.
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Design Problem No. 2

A ELECTRICAL POWER PLANT DISCHARGES 10 M*/S OF WARM WATER AT 82 C. THE AMBIENT
IS LARGE LAKE AND IS SLIGHTLY STRATIFIED AS GIVEN IN THE TABLE BELOW. THE AMBIENT
BOTTOM SLOPES DOWN AT ABOUT 10 DEGREES AFTER AND INITIAL 8 METER DROP.

REGULATIONS ARE SUCH THAT THE 2.0 DEGREE EXCESS TEMPERATURE OR GREATER CANNOT
TAKE MORE THAN 1,000,000 M2. IF A SUBMERGED DIFFUSER US USED, THE TEMPERATURE AT
THE TRAPPING LEVEL OR SURFACE CANNOT BE GREATER THAN 1.0 DEGREE ABOVE AMBIENT .

DESIGN A DISCHARGE SYSTEM THAT WILL MEET ONE OR THE OTHER OF THE ABOVE
REGULATIONS.

DEPTH TEMPERATURE
0.0 20.0
5.0 18.0
20.0 15.0
40.0 15.0




CORMIX1 CASE STUDY: SUBMERGED SINGLE

PORT DI

HARGE IN A DEEP RESERVOIR

This case study illustrates the application of CORMIXI to the prediction of the effluent
from a small manufacturing plant into a large and deep, stratified reservoir.

Problem Statement

A manufacturing plant (A-Plant) is discharging its effluent into an adjacent deep
reservoir. The plant design flowrate is 3.5 mgd (= 0.153 m’/s). The effluent contains
chlorides at a concentration of 3500 ppm, and is released at a temperature of 68° F (= 20 °C).

The existing reservoir has been formed by flooding a river valley. The reservoir length
is approximately 60 miles. The water level in the reservoir is fluctuating depending on the
release operation at the downstream dam with its hydropower installation. During summer
conditions, the reservoir level is typically at an elevation of 710 ft above sea level. This
results in a reservoir width of about 4000 ft (= 1200 m) and a maximum depth of 310 ft (~ 95
m) at the discharge location. The mean river flow into the reservoir during the summer low-
flow conditions is about 9000 cfs (= 255 m*/s). The typical temperature of the inflowing river

water is 55 °F (= 13 °C).

Figure 1 shows the local bathymetry
(as obtained from a USGS map) in the
vicinity of the proposed discharge. Since the
discharge is very small relative to the
reservoir size and the ambient flowrate, it is
expected that mostly local conditions will be
important, and not overall reservoir
dimensions. (Note: Any such conjecture
has to be verified against the final simulation
results, and adjustments have to be made if
needed.)
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Temperature data as a function of 10““‘*’"“2‘(‘,’" - 30
H

depth obtained from field measurements in 11 —t
the center of the reservoir show a significant 10| Actual '
temperature stratification (see Figure 2), as i _‘.:_I/Cormix Class C
is typical for such deep reservoirs during 20 4,"

summer conditions. The stratification can be 300 . 7;_’_ . ... Discharge Level
expected to be horizontally uniform and v

therefore similar conditions will hold at the 0.4 i

discharge site. Also, the river inflow is sol

colder than the surface layer of the stratified epth(m)

reservoir. Therefore, it can be expected that T

the river water will flow predominantly in a

vertically limited layer. In this example, the
layer is assumed to extend from a depth of
about 30 m to about 16 m below the surface.
The velocity of that flow is estimated at
about 1.5 cm/s (= 0.015 m/s), given the 14 m thick layer and an about 1200 m width at that
elevation. (Note: More detailed hydrodynamic investigations, using available models for
stratified reservoir dynamics, can be used to obtain more precise estimates of the velocity
field. Generally, however, it cannot be assumed that the velocity in stratified reservoirs is
given by the simple average of the flowrate divided by the cross-sectional area.)

The proposed discharge location on the side slope of the cross-section is also shown in Figure
1: a submerged single port discharge at an elevation of 610 ft above sea level, i.e. at a local
depth of 100 ft (= 30.5 m) below the surface, is proposed in the initial design phase. The port
diameter is 10 in (= 0.254 m) and is located 2 ft (= 0.6 m) above the local bottom. The
discharge is pointing perpendicular to the shoreline and is angled upward at 10 °.

Figure 2

The discharge is subject to mixing zone regulations whereby the mixing zone width is
less than 10 % of the width of the water body. Furthermore, the chlorides in the effluent are
considered as toxic with CMC and CCC limits of 1200 and 600, respectively.

Determine the suitability of this discharge.




PSY EXAMPLE PROBLEM

A PAPER MILL DISCHARGES WASTE WATER INTO A SHALLOW,

NARROW RIVER. THE SLOPE OF THE RIVER IS 1:1000 AND THE

AVERAGE DEPTH IS 1.5 m. THE RIVER FLOW DURING THE ANALYSIS

PERIOD IS 53.83 m*/s. THE CHARACTERISTICS OF THE RIVER FOR

THE FIRST 330 m DOWNSTREAM ARE AS FOLLOWS:

Sub reach Curvature - m Width - m Distance to end

1 0. 18.8 20.9
2 0. 12.5 64.7
3 0. 13.6 114.8
4 0. 16.7 195.2
5 300. 18.8 277.7
6 300. 11.5 294.5
7 300. 10.3 325.0
8 110. 10.4 328.9
9 15. 5.0 330.0

THE EFFLUENT DISCHARGE RATE IS 0.68 m*s. THE MINIMUM
SHORELINE DILUTION, 300 m DOWNSTREAM MUST BE AT LEAST 15.

N T AT / ATION D
COZS T SATISFY THE R=ZGULATIONS

WHAT s THE SURFACE ARTAVITHIN THE C/Co = 0.2 CONTOUR Y




THE INPUT TO THIS PRCGRAM IS AS FOLLOVYS.

Study of McKenzie River (Title)

0.68 (Discharge rate)

53.83 (River flow)

1.0 (Concentration in effluent)

0.0 (Concentration in river)

1.0 (Initial dilution factor - no initial dilution)
9 (9 sub reaches)

0. 188 15 .001 20.9

(NINE ENTRIES OF radius, width, depth, slope, distance to end)

15 50 15 .001 330.0
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