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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 inoorporates the flow classification scheme of the Comen Mixing Zone Models 
(CORMIX), with recommendations for model usa.ge, thereby providing a linkage between two 
existing EPA systems. 

Toe PLOMES models are intended for use with plomes discharged to marine and sorne 
freshwater bodies. Both buoyant and dense plomes, single sources and many diffuser outfall 
configurations may be modeled. 

Toe 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 usa.ge are also provided. 

This is Document No. N2 l 0a of the Environmental Research Laboratory, Narragansett. The 
accompanying software carries No. N210b. 
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DISCLAIMER 

This document is intended for interna! 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 lVIODELING 

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 
treatrnent, consistent with criteria listed in section 301(h) of the federal Clean Water Act. 

A nurnber of rnodels and other methods, e.g., field data, were used in this context, prirnarily 
to dernonstrate cornpliance 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 rnonitoring prograrns and in the design of new or rnodified ocean outfall pipelines and 
diffuser systerns. In 1985 EPA publ ished a user' s guide to five rnodels used in these activities 
(Muellenhoff et al., 1985) although the models had been distributed and used for years in rnany 
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 problerns 
beyond those for which they were originally intended. Sorne applications involved industrial 
wastes, drilling fluids frorn offshore oil exploration and developrnent 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 rnodels 
(Muellenhoff et al., 1985), UOUTPLM and UDKHDEN are neither reissued nor addressed 
herein, UPLUME is provided as a separate file but neither recornmended nor addressed, ULINE 
is provided as a separate file and is recommended under sorne circumstances as an extension of 
RSB, which otherwise replaces it, and U.MERGE is modified, extended, and replaced by the 
resident rnodel UM. To the extent that PLUMES, described immediately below, facilitates UDF 
file generation, all earlier models are supported by PLUl\'lES. 

Both RSB and U.M are contained in ancl managed by the interface prograrn PLUMES. In 
addition, PLUMES contains two farfielcl algorithms and the CORMIXl flow categorization 
scherne (Hinton & Jirka, 1992). In Appenclix 1, the CORMIX flow categorization rnethod is 
used as a frarnework for making provisional model recommendations. 

The rnodel UM is described subsequently in the manuscript, as is RSB, a rnodel based on 
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General aspccts 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 effluent 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 PLOMES. 
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 reportare 
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 sorne 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 sorne familiarity 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 PLU~'1ES. 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 orífice, 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 iníluence 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. 
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It is useful to compute expected 
dilutions and plume locations under the 
vast range of current regimes Jíkely to be 
encountered near an outfall. The 
inforrnation 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 
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 
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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. 

Critica} 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. "Critica}" values in terms of EPA's 30l(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 regulations 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. Furt!iermore, 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 30l(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 inrtial dilution process occurs overa 
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). Ata current speed of lm/sec X,. 
would be 300 meters. 

Recognizing this, what might a 
regulatory agency prescribe as a mixing 
zone, that is, a zone in which water 
quality criteria are permi tted to be 
exceeded? lf a conservative posture is 
adopted, the agency would allow a mixing 
zone of 30 meters on both sides of the 
diffuser. lf a more liberal view prevails 
a distance of 100 meters coulcl be 
established. With the possible exception 
of riverine settings, it is necessary in most 
cases to describe the zone on both sides 
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Figure 4. Length of the zone of initial dilution as 
a function of current speed. 
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of the diffuser because the curm1ts during one part of a day are likely to be about 180 degrees 
opposite those six hours later. 

EPA has adopted the conso-vative 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 11se. Organisms entrained into the plume would be exposed to 
rapidly decreasing concentratioos 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 woold actually meet the necessary criteria. 

This expectation has not been rigorously tested. Hydraulic model tests conducted by Roberts 
et al. (1989 a, b, c) 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 outfall situation is ctescribed 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, ancl 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 
30l(h) regulations, would be larger but, in general, mixing zone regulations vary from state to 
state.) The data shown graphically in Figure 5 clemonstrate 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 insicle 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 speecls higher than (e) 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 bounclaries which are narrower near the surface and wider at depth 
based on these moclel simulations. 

The term "near field" was adoptecl in narratives associated with the 301(h) regulations to 
describe the region near the outfall insicle 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, Su , usecl in sorne regulatory applications, including the EPA model UM 
is the reciproca! of the volume fraction of eftluent, V,. , contained in the diluted plume. An 
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equivalent way of expressing this term is the ratio of eftluent volume plus volume of ambient 
dilution water, Vª , to the eftluent volume, as in Equation 1. 

s = 1 (ve +va) 
= a 

ve ve (1) 

(ve +va) 

Thus in the region immediately outside the discharge orifice the volumetric dilution factor is 
very nearly 1. In sorne 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, Vª , to the volume of effluent discharged, Ve. In this 
definition the volumetric dilution factor approaches zero near the orífice. 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, 

where 
cP = Cross sectional average concentration in the plume, 
VP = Volume flux of the plume, 
ce = Concentration in the eftluent, 
Ve_= Volume flux of the effluent, 
cª = Concentration in the ambient dilution water, and 
Vª = Volume flux of the ambient dilution water. 

Substituting Vª + Ve for VP and rearranging, 

e v + e v e = t t a a 

p V + V 
e a 

(2) 

(3) 

The volume fraction, Equation 1, 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 eftluent. Thus if S

0 
= 30 (which means the 

effluent is diluted with 29 vol u mes of ambient water), the concentration of any volumetric tracer 
or conservative pollutant in the eftluent 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 
to: 
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(4) 

(5) 

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 consicler the actual, nonzero, ambient concentration of the 
suite of pollutants in the effluent. In the remaincler of this report th~ term "effective dilution 
factor" (Sae¡) is usecl to describe the clilution achieved for each pollutant in a plume. That is, 

(6) 

where the index, i, is used to clemonstrate that in determining the final concentration of a 
pollutant in the diluted effluent the effective dilution must be determined for each pollutant 
individ uall y. 

Effective Dilution Factor 

It is instructive to recognize that S,lt'; is not necessarily constant for a suite of pollutants in 
a discharge for any given volumetric dilution factor, Sª. This is so because the ratios eª I cai 
are not necessarily constant, ancl the volumetric dilution factor is determined only by the density 
of the plume irrespective of the contribution macle by any of the pollutants individually. The 
effective dilution factor, S,ie;, can be cleterminecl 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, Sª , through Equation 3. First, multiply the right side of Equation 
3 by v,. / v,. , giving 

(7) 

Next, recalling Equation 5, substitute S"-1 for vª / v,. , and J / Sª for v,. / (v,. +va), Equation 
7 becomes 
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c. + e (S - 1) 
~1 ª1 ª (8) 

This is simplified to 

(9) 

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

The advantage of Equation 9 is that for man y situations the computer program for a plume 
model needs to be run only once, that is, to obtain Sª. With Sª in hand cp; can be computed 
repeatedly using paired values for C,.; ancl Ca;• If Ca; is not uniform over the depth through which 
the plume rises, an average value can be used to provide an estímate of cp;• However, this is 
only an estímate as entrainment is not generally a linear function of the vertical position of the 
plume in the receiving water. The new model, Ul'vl, described in this report accepts a tabular 
input of the vertical distribution of ambient concentration and computes the actual, effective 
diluted concentration. Since this moclel is quick and easy to run, there is only a modest 
advantage in using Equation 9 to obtain subsequent estimates of cp;• 

However with the CORMIX models and with RSB the dilution factors and plume 
concentrations provided are basecl strictly on volumetric dilutions and must be corrected for the 
ambient background. For a first orcler correction it is possible to assume the rate of dilution is 
uniform over the rise to the trapping leve! 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 intluence of background on effective dilution is apparent. 

Spatial and Temporal Variation of Plumc Conccntrations 

The concentrations of water quality inclicators, 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 cliffuser is generally not investigated and is 
usually assumed to be uniform, as is the incremental volurnetric 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 sorne 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 influence of effluent constituents and the 
vertical profile of receiving water constituents. The v,:ay 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 Problrm 

The DO concentration in a plume is affected by the DO in the ernuent, the chemical and 
biological constituents in the eftluent which exert a DO demand, chemical and biological demand 
factors in the seabed, and by oxygen clemand 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 Dissolvecl Oxygen Demand, IDOD. According to Standard 
Methods for the Examination of Water and \Vastewater (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, c00 , is founcl using the equivalent of Equation 9 with an 
additional term to represent the immecliate clemand, viz: 

(10) 

To solve this equation it is necessary to have field elata on the cDOa profile; the values of c00~ 

and IDOD being derivecl from laboratory analyses. In many cases the c00ª 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 sorne 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 clensity 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 eftluent! 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 30l(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 Pcriods, ancl Othcr Temporal Variations 

The models reported in Muellenhoff et al.(1985) were steady state models, as are the models 
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 cletermined 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 uncler which a predictecl final plume concentration would 
be exceeded. The moclels can be usecl repeateclly however to generate a data set for a range of 
values expected or observed in nature, as clone for example to construct Figure 3 showing the 
effect of different current speecls on volumetric clilution. 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 
steady state model at discrete time steps. 

Data sets can be generated to show the frequency distribution of currents and associated 
dilutions ata 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 
calculated by UMERGE (Muellenhoff 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 externa! 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. 

14 



1 

ff 

General aspects of dilution modeling 

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 modem 
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 effluent tlows. 

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 O. 7 to 7, 
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Figure 9. Examples of plume rise, dilution (SJ, 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 tlows 
calculated by the UM and RSB models described in this Tahle l. 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 
100 MGD to 275 MGD. The volumetric dilution (S0 ) at 
the surface at 100 MGD is 314 while at 275 MGD it is 
187. The volumetric dilution is not calculated at the 
surface by RSB; instead the RSB model calculates the 
volumetric dilution at the end of the buoyancy dominated 
region assuming the water depth is sufficiently great to 
accommodate the complete initial dilution regime. At a 
flow of 100 MGD through this outfall the water depth 
would have to be greater than 65 meters to achieve a 

Q 
(MGO) 

100 
137 
183 
228 
275 

Dilution Factor 
UM RSB 

314 
259 
222 
201 
187 

394 
387 
384 
383 
382 

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 tJords, embayments, and, in sorne 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 eftluent. 

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 Southem 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 30l(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, Wincl 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 sorne 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 considerecl in outfall clesigns 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 considerecl 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 usecl 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 ancl large dilutions usually achieved within several tidal cycles. The 
rate of dye addition (Qd) to the eftluent flow Ve needed to provide a dye concentration of cd 
following dilution of Sª is: 
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ªª = specific gravity of ambient water 
ad = specific gravity of dye solution 
W = weight fraction of dye in stock solution. 
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(11) 

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 wr, typically used in dye studies, is available as a 20% solution (aª = 1.19) in 
small (15 gallon) drums. 

Spatial Averages and Discrete Valucs 

Sorne 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 ata given distance downstream from the orifice. As the plume radius continues to expand 
with increasing distance, the minimum dilution progressively increas.es. For example the 
centerline (mínimum) 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. Sorne models calculate 
an average dilution for the cross section of the plume and this of course also increases 
downstream. Toe 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 mínimum dilutions from predicted model 
average dilutions.An opportunity to discuss mínimum and average dilutions further is given in 
the following chapter: "Example: A CORtvIIX 1 Comparison, Density, Stability, and Profiles". 
It should be noted here that while mínimum dilutions are often of interest to regulators, average, 
or "top hat", dilutions are more consistent with the dynamic requirements of plume theory. 

20 



..-. 
h .e:: ........_ -m 
Ql) -
~ 

O' 

Q,) 
~ 
(tj 

o:: 
~ o ...... 

i:,:.. 

Q,) 
::>-. 

i::i 

30 

20 

10 

o 
o 

General aspects of dilution modeling 

10 20 30 40 50 60 70 80 90 100 

Effluenl Flow Rate, Ve (MGD) 

C) 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 sorne 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. l\lany 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 definecl 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 mínimum 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 expresscd 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 sorne 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 critica! 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. Sorne 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. 

Toe regulatory authority may not need to prescribe specific criteria for each of severa! 
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. USEP A (1986) provides a method to evaluate the 
appropriate relationship for ammonia in freshwater streams, which may be taken asan 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 consicleration. 

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 signa! 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 involvecl, and a moving flow field too deep below 
the surface to see is being samplecl 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 clifferent radial position of the same cross section are frustrated 
because of the relative horizontal motions involved. Surface waves and possibly interna! waves 
in the pycnocline can also cause the sample to be obtained from a shallower or deeper cross 
section. 

For these reasons field verification stuclies 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 orífice the values are changing more rapidly and the dimensions 
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of the plumeare 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 elata taken near the end of the initial dilution region 
can be compared with controlled 1aboratory simulations for similar conditions, and then, if 
necessary, the laboratory verification data can be relied upon for estimation of field values closer 
to the orífice. 

ENTRA~1ENT FRO~l OTHER SOURCES ANO RE-ENTRAINMENT 

Regulatory Background 

In drafting modifications to the Federal Water Pollution Control Act (Anon., 1982), the 
United States Senate (A non., 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) addressecl 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 aclcling 11 
•••• marine waters must exhibit 

characteristics assuring that water providing clilution does not contain significant 
amounts of previously clischargecl effluent from such treatment works. 11 

These amendments suggestecl that EPA woulcl neecl to revise the methods used to calculate 
compliance with water quality standarcls at and beyond the boundary of a mixing zone. Three 
topics needed to be addressecl: 

l. Definition of 11 significant amounts 11 

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 ofwhich 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 11. Concentrations of contaminants in coastal watcrs of California. 

Contaminant Allowable 
Background 

Instantaneous Seawater 
Maximum 1 C,¡ 

Concentration 
Arsenic 80 ug/1 3 
ug/1 
Mercury 0.4 ug/1 0.0005 
ug/1 
Silver 7 ug/1 0.16 

Significant Amounts 

The definition of significant amounts is easily resolved by use of mathematical models such 
as UM. That is, significance, 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 cp; that are lower than the values of 
es;, then indeed the diluting water does not contain significant amounts of previously discharged 
effluent. Thus the question of how much re-entrained effluent 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 c11;?" 

Relationship of Ambient Dilution Water to Plume Concentrations 

The following discussions is intendecl 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, ancl the volume of entrained diluting water. This can be seen by 
rearranging the terms of 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 es; is the numerical value for the ith standard. Substituting the expression for Cp; from 
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(12) 

(13) 

Equation 12 into Equation 13 

(14) 

For cases where the dilution factor S., is greater than 30 there would be less than a 3 % error in 
the second term of Equation 14 by approximating c:,;(Sª-1) / S11 by c.,;- Then Equation 14 can be 
written as: 

e,_ 
-'<e -e s :r¡ ª; 

a 

(15) 

Whether Equation 14 or Equation 15 is usecl, 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 e,,; ancl ca;• For example, if one effluent has an ammonia 
nitrogen concentration of 120 mg/l ancl the local ambient is 3.9 mg/l, the California 
instantaneous allowable maximum of 6 mg/l would be met if an Sª of 60 were achieved. 
Another outfall, or the same outfall at a different time, achieving an Sª of 60 could meet the 
standard with an effluent value of 305 mg/1 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 cletcrmining compliance. Thus if one locality has a standard 
one unit higher than another, but the ambicnt is also one higher, the necessary ratio of cd / Sª 
is the same. In other words, both clischargers have theoretically the identical options of reducing 
cd or building a more efficient diffuser or any favorable combination of these options. And if 
one locality has a standard one unit higher, anclan ambient one unit lower, the discharger at this 
location would have to meet a less stringent ratio of e,.; / S11 , i.e., it is two units higher. This 
relationship is shown in Figure 13. 

Third, notice that S11 is not subscriptecl with an "i" meaning that Sª is not dependent on the 
contaminant under consideration, as explained previously. It may be helpful to think of a 
"contaminant specific effective initial clilution" as the ratio of the concentration of a specific 
contaminant in the effluent to the concentration resulting after the volumetric process of critica! 
initial dilution is achievecl, i.e., e,.; / 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 eftluent concentration to s. for standard compliance and 
dependence on ambient concentration. 

ce ¡ 1 
= 

CP; 1 ca¡ 
(16) 

-+-
sa ce ¡ 

Expressed in this way it is clear that the effective clilution of the specific contaminant, limited 
by regulation to less than a given numerical standard, depends on both S0 and the ratio C0¡ I eª. 
Figure 13 graphically depicts that the ratio e,.; I epi• the contaminant specific effective initial 
dilution, is dramatically reduced below S,, as the ratio c0; / C.,; increases. 

This analysis has shown that the computational technique employed to test compliance with 
numerical water quality stanclards 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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General aspects of dilution modeling 

What is yet to be shown is how the value of e"; may be determined or estimated to reflect 
the influence of other discharges nearby. The first requirement is for regulatory instructions to 
explain clearly that cm must accurately retlect 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 Sourccs 

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 field monitoring data 
will reflect the combined result of 
these factors. A priori assessment is 
needed in cases where a major change 
in effluent quality is proposed, or the 
outfall is to be modified or relocated, 
and models are useful for this 
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 
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Figure 14. Effect of ambient concentration on 
effective clilution. 

input. Data available for an existing outfall may be useful for the relocated site if it is within 
the region covered by sampling stations, ancl 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 critica! initial dilution. Since the data set would retlect both entrainment from 
other sources as well as re-entrainment of eftluent, the data set would provide a conservative 
estímate. lf the new site is outsicle 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. 

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, provicling 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 dischargecl clirectly to the ocean is small. Greater care is now 
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given to locate modern ocean outfalls in well-tlushed offshore environments rather than near 
shore. The volume of coastal waters avai1able for clilution 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 109 

111
3 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): 

where 
Cp; = Plume concentration at the end of initial dilution 
cma.r = Centerline (maximum) concentration at distance X 
erfO = Standard error function of ( ) 
U = Current speed in the X direction 
b = Width in the Y direction (orthogonal to X) 
e0 = Constant Horizontal (Y direction) eddy diffusivity 
X = Travel distance 

(17) 

The model UM automatically computes the farfield dilution according to this equation 
(labeled TSD Equation VI.21) basecl on data entered into the model interface by the user, and 
according to a similar equation based on an ecldy diffusivity that increases longitudinally in 
proportion to the 4/3 power of the plume field wiclth (TSD Equation VI.20). (TSD refers to 
EPA, 1982). 

These dilution factors assume ncgligible contribution from contaminants in the ambient 
water, thus they must be reduced to represent the effective dilution at the down-current site. 
Figure 14 can be used for this purpose, substituting el'; for cei in the abscissa term. These 
dilution factors are minimums, that is, a cross-fielcl functional form such as a Gaussian curve 
should be used to estimate the cross sectional average. The total dilution is the product of Sª 
and the cross sectional average dilution of the drift tlow. 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 wi11 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 estímate the vertical exchange of contaminants as well as horizontal migration, thus providing 
an estímate of distant deep water quality. 
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Diffuse source inputs and episodic evcnts are difticult 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 tlushes 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 expectecl, 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 \vell as specification of contaminant levels. 

Single-layer circulation models are likely to be inadequate in assessing runoff related effects. 
Depending on the concentration of clissolvecl 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 ,vater into the plume than would appear to be the case as one 
views the situation from the surfacc (or from the air). Mathematical models of coastal 
circulation may not be as useful for the period just on the heels of the storm event because of 
the difficulty in dealing with multi-layer tlows 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 \\'ell mixed uncler 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 of the outfall might well be suspended de facto. For 
example, sport fi.shing 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 entrainmcnt of poor quality ambient water. 

No references have been iclentified describing the behavior of marine organisms during storm 
events and their response to the mixture of eftluent ancl runoff constituents. Their sensitivity 
must be considered irrespective of thc 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 shel f conditions, depending on the circumstances of each event and 
each locality. It should be recognized, ho\\'ever, that e\·en with entrainment of contaminated 
dilution water, the amount of dilution will be significantly increased over that predicted by 

30 



I 

o 
¡ 

General aspects of dilution modding 

conservative plume assessments specified by EPA due to the much greater energy dissipation 
occurring during storms. The net effcct may be that organisms will experience a much lower 
concentration of pollutants during a storm than in the average case. 

Given the concem 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 thcre is indeed a national priority for improvement of methods 
te estímate entrainment of other sources into extant outfall dilution fields, there is an opportunity 
to build a monitoring network that will serYe 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 wincls, 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 periocls of time. Under critical conditions of low wind and current, 
diluted effluents rise to the surface orto a level of buoyant equilibrium in the pycnocline. Water 
which is entrained between the discharge on the seabed and the spreading !ayer is not 
contaminated with previously dischargecl eftluent dueto the density stratification, thus Cª 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 reversa!. 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 \\'herc some outfalls historically had been placed, vertical 
turbulence is sufficient to reduce the degree of density stratitication. 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 ancl effectivc dilution can be substantially reduced. EPA has provided 
the model DECAL (Tetra Tech, 1987) to dcal 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. Coastal 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 encl 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 clistance 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 ancl 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 moclel. Monitoring data and estuarine circulation models may be 
useful, although point and diffuse sources may not be well characterized. 

Compared to waste clischarges 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 assessmen t was made in 1971 (Ward and Espey, 1971). The assessment of 
research needs to support a national estuarine research strategy (.tvfenzie and Associates, 1986) 
cites examples of additional moclel 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 potcntial uscrs. These can be used to estímate the steady state 
concentration of contaminants at a varicty of sites in the estuary given the mass loadings and 
input locations. Sorne modcls may be able to simulate varying concentrations of pollutants 
within a period of critica! conditions such as portions of a tidal cycle. As water quality criteria 
become sophisticated enough to addrcss short time variations the demand for detailed data on 
time varying mass inputs will begin to limit thc utility of the models. Simulations conducted for 
all source inputs except the extant outfall, comparecl 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 distribution of nitrogen since a municipal outfall also con tributes nitrogen. It would 
be rare, and extremely valuable, if baselinc monitoring data were available over long enough 
periods of time to provide some veri fication of the pristine case. 

Use oí an Intrinsic Trxer 

There is a possibility, though un I i kel y, 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 cónstituent in the outfall. 

Thus if the tracer was at concentration 10 in the outfall and contaminant "X" was at 
concentration 4, then at sorne 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

0 
using the tracer data and then solving Equation 

9 for c0 using the contaminant data ancl the value found for Sª. 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 practica! use of the approach. No 
literature citatíons have been found that report use of this technique although in a practica! 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 Trarer 

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

In the case of a discharge near the entrancc, salinity may be an approximate surrogate only 
if the wastewater flow is verv much smaller than the incoming seawater volumetric flux during 
periods of small tidal excha1;ge. 

Unfortunately, neither case deals wi th the question of en vi ron mental fate factors (adsorption, 
speciation, decay), and surrogate values based on salinity have to be modified to account for 
evaporation, direct rainfall, and other intluences on the salinity value. Nor are salinity 
distribution patterns useful for estimating particulate sedimentation values, which may be the 
most important consideration because thc 30l(h) modified permit usually results in greater 
suspended solids emissions than woulcl be achieved with foil secondary treatment. 
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FRESH\VATER 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 cli fference associated with temperature differences. 

The models may be employecl in some riverine situations as well as in lakes. That is, if the 
effluent is warmer than the river and is clischargecl at clepth, the effluent would be expected to 
behave as a buoyant plume. The relative size of the cliffuser ports in relation to the depth of the 
river may be important in achieving the clilution factors preclicted by the models. Muellenhoff 
et al. (1985) recommendecl the clepth 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 cleveloped for cleep water discharges and modelers are not 
confident in extrapolating verification elata from deep water situations to shallow water 
applications. 

For riverine situations in which the eftluent is clischarged 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 clissolved 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 clevelop from a discharge at depth. However, modelers should 
be aware of the nonconservative nature of heat in clescribing the density of an effluent at the 
discharge point. The wastewater tcmperature at the cliffuser port may be significantly lower than 
at the treatment plant clue to heat lost as the eftluent runs through an underground and 
underwater sewer. 

Because most rivers will not have density graclients it is likely that warm water plumes will 
reach the surface of the receiving strcam, and the surface plume will be subject to heat exchange 
with the atmosphere. The moclels in this guicle do not incorporate atmospheric heat transfer 
functions so that any temperature output generatecl 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 subsurface and surfacc clischarges of large heated eftluent flows as for 
example from thermal electric pmver 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 brietly before becoming dense and sinking 
to the bottom are discussed in the next section. 

NEGATIVELY BUOYANT PLU:\IES 

Many industrial wastes whether clischarged to fresh or marine waters have sufficient 
dissolved or suspended solicls concentrations so that the bulk density is greater than the receiving 
waters into which they are clischargecl. The cases can inclucle wastes discharged horizontally or 
at an angle (including 90 clegrees) clownward from the surface or upward from the seabed. 
Simple plume models such as UPLUME (t\luellenhoff et al., 1985) have been used to fashion 
a surrogate solution to the problem of preclicting 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 stratifiecl occan are in fact results from a negatively buoyant plume 
discharged from the surface, sinking towarcl the bottom! The laboratory experiment is set up 
this way for the physical convenience of the moclelers. The photographs are typically presented 
in published reports upside clo\\'n so that they visually clepict the conceptual problem being 
addressed. The proper analogy is effcctecl by clue regard to the density differences between the 
plume elements ancl the local ambient so that the forces acting on the plume element are the 
same regardless of the clirection of motion. Thus a fresll\vater plume rising from the seabed is 
simulated physically by a heavy liquicl 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 clilution factors computed for near 
surface, downward discharge of clrilling tluids into a marine ambient by Ozretich and 
Baumgartner (1990). In this example the mathematical moclels PLUME, OUTPLM, and 
DKHPLM, which \voulcl accept only positively buoyant clischarges clirected up from the seabed, 
were provided input for a surrogate freshwater clischarge into an ambient having an initial 
density difference and a clensity graclient equal ancl opposite to the prototype situation. The 
mathematically simulated results \\·ere comparable to data from a physical model of heavy fluids 
discharged downward from the surface, i.e., exactly as in the prototype. 

Extrapolation of the usual plume modcl 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 comparccl to the clensity of the fluid. For example, 
the specific gravity clifference bctwecn sewage and seawater compared to seawater is 
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approximately 0.02. Sewage sluclgc is about the same, whereas drilling tluids 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, c) show no effect of the ratio overa wide range. 

In the hydraulic model studies of clrilling tluicls reported by Ozretich and Baumgartner 
(1990), drilling muds with specific gravities as high as 2.17 were adequately modeled by the 
model PLUME (Teeter ancl Baumgartner, 1979) as judged by comparison to measured depth of 
penetration to the leve! of buoyant equilibrium. The ratio of predicted to observed depths 
averaged 0.93 (Se = 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 clischarged at any angle from either the surface 
or the seabed. Furthermore it does not clepencl 011 the Boussinesq assumption. Other models 
accessed through the urvr interface may or may not produce output for certain negatively 
buoyant cases, and output which appcars complete for other than positively buoyant plumes 
discharged from the seabecl must be consiclered carefully by the user. 

Nascent Density: Thermal Discharges to Colcl \\'ater 

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 sorne 
more deeply submergecl trapping leve!. The best known examples are thermal freshwater plumes 
discharged to freezing ambient freshwater (Frick and Winiarski, 1978; Frick, 1980). The 
behavior, which can also occur in brackish water up to a salinity of approximately 14 0/00, 

occurs because the plume, as its tcmperature 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 ambicnt is less than 4 C, the potential for the nascent dense 
plume phenomenon exists. 

The non-linear equation of statc usecl in U tvl may be used to model nascent dense plumes, 
as explained in the chapter entitled: "A CORl\IIX I comparison, density, stability, and profiles". 
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PARTICULATE DISCHARG ES 

Particulates in fluid discharges may vary from I O ppm in municipal secondary effluent to 
over 100,000 ppm in drilling fluicls. 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., UPLUl\'lE) 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 sluclges 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 clensity stra1ified ambient fluid the particulates begin to separate 

Figure 15. Separation of plume and tlocculating particulates. 

from the diluted sewage field, sorne 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 cquilibrium, 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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General aspects of dilution modeling 

the dispersion and settling of sewagc eftluent particulates based 011 pioneering work of Hendricks 
(1982, 1983) in the Southern California Bight. Thcse models may be applicable for analysis of 
other types of particulates. It ~hould be borne in mine! that the equations of state used in UM, 
RSB, and CORMIX are not necessarily appropriate for the tluids at hand. (Sorne additional 
amplification on this point is found in the section entitled: "Example: A CORMIXI 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 agglomeratecl particles causing them to behave as discrete particles 
at the equilibrium leve!. 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 questionecl. Attention so far has been focused primarily on the 
interactions of particulates following the transition from plume mixing to ambient turbulent 
transport (Hunt, 1990). Whether or not cliscrete or agglomerated particle are the more 
environmentally benign forn1 has not been rigorously established, although a task force report 
of the Marine Board suggests dispersa! is preferred to seabed accurnulation (NRC, 1986). This 
recommendation is based on broad physical consiclerations rather than detailed ecological 
considerations which may be preemptory. 
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USER'S GUIDE TO THE PLUl\'IE l\IODEL INTERFACE, "PLUMES" 

INTRODUCTION 

UM and RSB are mathematical models for analyzing and predicting the performance and 
behavior of plumes formed by tluids 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 interface 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 dcsign features, and computer controls. 

Several separate programs comprise the system: the initial dilution models UM and RSB, 
the Brooks farfield dispersion equations, the tlow classification algorithm of CORMIXl, the 
interface PLUMES, and a program for estimating the hydraulic characteristics of the outfall, 
PLUMEHYD. Ali except PLU.MEHYD are integratecl into the PLUMES interface to work 
together and help reduce the amount of time required to analyze various plume problems, or 
cases. With the resiclent CORl\tlX flow classification algorithm, PLUMES can also offer 
recommendations on model usage that go beyoncl the built-in models found in the interface, 
including EPA COR!vlIXI (Doneker ancl Jirka, 1990), CORMIX2 (Akar and Jirka, 1990), and 
CORMIX3 (Jones, 1990): for singk pon dischargcs, di ffusers, 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, clesigns, 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 ancl ULINE may be founcl 111 Muellenhoff et al. (1985). 
PLUMEHYD is described in Appendix 3. 

The interface has severa! main structures to activatc the various PLUMES functions and 
resident models: 

♦ the case (or record) 
♦ cells 
♦ pop-up menus 
♦ dialogue windows 
♦ help winclows 
♦ configuration string 

In addition, various specializcd built-in fcatures are included to support the analytical 
process. Perhaps the most unique spccializcd 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 cletect instances of con tlict when they occur and help to remedy 
them. The following tutorial chapter clcmonstrates the contlict resolution mode. 

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

The structure, commancls, 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 consiclerably, being very high in the near field and 
becoming progressively simpler in the farfielcl. 

PLOMES STRUCTURE 

When PLUMES is startecl, introductory information is displayed which must be 
acknowledged by pressing any key. Once ackno\\'leclged, the main screen, often referred to as 
the interface leve) 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 comer implies, could be just one record in a file of many cases. 

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

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

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

4.469 285 0.01568 7.315 o.o 25 
2000 

Case: 2 of 

far inc far 

500 

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 Fraude # Roberts 

F 
0.84 o.o 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 

~ 
9 O 7 . 3 1 5 2 4 . O 8 O . O O O O 1 O O O O . O O 04 5 3 O • 15 

2763000.00004871 
depth current density salinity temp amb conc N (freq) red 

srav. 

Figure 16. The PLUl\1ES main screen, or interface leve!. (Software version is in color.) 
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The greater part of the interface is occupied by cclls. In general, each cell has a short label 
anda space beneath it for m1111cric 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 organizecl into blocks of clifferent colors. Hypothetically, outfall structure 
variable labels are on magenta background; eftluent 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 changecl by you, by "hor dis > = "), near the lower right hand comer 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 cclls, which are selcctecl to suit the problem (independent 
cells), need to be spccificcl -- PLUMES computes the rest (clependent cells). This flexibility 
makes it possible to define problems in a variety of ways. 

At the top of the interface is a clock, the PLU~lES version identification, and the case 
counter. At the bottom are three lines of data: the first is reserved for the CORMIX flow 
classification predictions ancl mocleling recommcndations, the second is the dialogue line, and 
the third contains basic l1elp information, program configuration iclentification, and the name 
of the file of cases in use. 

The dialogue line may be passive, clisplayi11g 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 souncl. An example of a passive rnessage explaining how to use 
the menus when the Fl key is pressecl is shown in Figure 17. \Vhen 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 narne. The latter often display a default string which 
may be accepted or simply typed ovcr, refcrred to as typcover input. At least one command, 
< fill New file>, uses its O\\'ll special dialogue windows. 

Except for some of the ecliting commands which are clcscribecl only in the Miscellaneous 
Editing Commancls section, the commancls <.·an he sclectccl 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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Jun 11, 1992, 19:57:49 ERL-N PROGRAM PLUMES, Jun 10, 1992 
1 
Title Sand Island validation: (no blockage) TRR case. 

tot flo~-- Main menu spacing effl sal effl temp 
is 

4.461 run rsB program 7.315 o.o 25 
2000 

Case: 1 of 

far inc far 

500 

plume del run Um program Jotal vel horiz vel vertl vel asp coeff print 
frq 

70. 1 show Independents 2.763 2.763 º·ººº 0.10 
500 
port elej units Konversion 

oberts F 
Jeffl den poll conc decay Fraude 

o.aj List equations 
2.044E-14 

et Work file 

-2.893 

current 

6.le8 

ar dif a V 

Figure 18. The main pop-up mcnu superimposed 011 the PLUl\1ES interface. 

provided mainly as a memory aicl, and, in general, it is faster to use the keystroke form of the 
commands at the interface leve!. 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. 

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 equation of state is assumed (see 

Example 2 in the manual for more detail). 

Equations and variable definitions: 

den= (dena+l000)/(1.0 +vel*vel/(g*dia*abs(Fr)*Fr) - 1000 

{ note single use of abs to retain sign } 

= (dena+lOOO)/(l.O+gp/g)-1000 

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

= sigmat(s,t). 

Figure 19. Example of a "cell dcfinition window." The help window for the plume density 
cell. 
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The most pervasive help screens are thc crll drfinition windows. These come up by issuing 
the <List equations> ('""L) commancl on the main menu. The information provided is specific 
to the cell identified by the cursor ancl has onc of t\\'0 forms. An abbreviated form is used when 
the file EQNS is not in the current clircctory; it consists only of a definition of the cell and 
descriptive notes. With the file in thc current directory, a second form adds the equations that 
are used by PLUMES to define clepcndent (white) variables. Figure 19 gives an example of the 
latter form, showing the terms in volved in computing clensity by several methods. If file EQNS 
is not in the current directory becausc it was not copied or was deleted, it may be restored from 
the original disk. 

The Configuration string appears in the micldle of the bottom line of the interface. Each 
character in the string is a mnemonic for di ffcrcnt program attributes. Changing the string will 
cause the program to work in one of severa! funclamentally different ways. For example, the 
"O" in "ATNO0" in Figure 16 inclicatcs that the plume moclel Ul\1, underoverall control ofthe 
PLUMES interface, will termínate the initial clilution phase (near-field) if and when the 
mathematical condition of element overlap is attained. 

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

INTERFACE CAPABILITIES 

It is easy to be unaware of somc of the special capabilities available in PLUMES because 
all are not controlled directly. Howcver, understancling them will enhance the use of the system. 
The more notable ones are dcscribcd bel o\\'. 

♦ an unstructured data input environment 
♦ a contlict resolution mocle for rcsolving many over-specified input conditions 
• a configuration file 
♦ selection from multiple solutions to governing equations 
♦ display basecl on signiticant cligits 

Perhaps the most outstanding feature of the interface is its unstructured data input 
environment. The user is free to movc about. skipping over cells, just as in a spreadsheet 
program. This facilitates "what if" inc¡uirics. 

The unstructured environment would not havc much purpose if all the cells had to be filled 
in anyway. But, in fact, only sorne of thc cells need ever be filled. The reason is that 
PLUMES provides redundant variables as a conveniencc. For example, there are cells for the 
total flow, number of ports, and port tlow. Since it is assumcd that all ports have equal flow, 
only the first two cells are necessary to spccify thc 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 inconsistcnt with the total tlow, which, as is explained below, would 
be brought to your attention by the contlict rcsolution algorithm.) In this case the total flow and 
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number of ports are displayed as indcpcndcnt variables, i.e. in yellow, while the calculated 
(dependent) port flow cell is clisplaycd in white. 

For even more flexibility data can be entered into cells already containing information. lf 
the superseded value was yellow (indcpendent), the affected dependent (white) cells are simply 
recalculated. However, things are more complicated when a white cell is superseded with 
information you enter. In this case thc overspccification alludecl 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 woulcl no longer equal the total tlow. PLUM ES detects the inconsistencies1 
and goes into a conflict resolution modc 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 callee! SETUP, an ASCII file that is created if it 
is not present in the current clirectory. It storcs information on the last use, including the 
location of the cursor, ancl the variables on the output table list. PLUMES attempts to find and 
read the file each time it is run. 

Sorne of the equations used to define clcpenclcnt cells in the interface have more than one 
solution. A good example is clensity as a function of temperature and salinity. It is well known 
that the greatest clensity for fresh water at standard temperature and pressure is around 4 C. 
Thus, there is a range of densities smallcr than the maximum density with which temperatures 
less than 4 C and other ternperaturcs greatcr than 4 C are compatible. Whenever this occurs, 
PLUMES provides for the selection of' the desirccl solution from the multiple solutions to 
governing equations. The same occurs when the depenclent variable is the solution to a square 
root, in which case the propcr root, eithcr positive or negative, must be selected. 

The interface displafs numhcrs to 3 or 4 significant cligits. This capability assures that 
information is not lost clue to formatting deficiencies. Numbers that cannot be displayed to the 
proper precision within the allottecl space are converted to the "E" format of scientific notation, 
e.g. 1.4xl0·8 is displayecl as 1.4E-8. The "E" format may also be used to enter data. The 
< cell Precision > commancl may be used to sho\\' extra precision. 

COMMANDS 

Conventions 

Control over the interface is cxercised through a system of commands which may be issued 
at any time. The conmrnncls are listcd 011 a st·ries of mcm1s and can be implemented by 
bringing upa menu or by striking thc control key ancl tllc appropriate letter key. The former 

1 Strictly spcaking. in~tan,·cs of m·..:r-sp,·,·iti,·atinn ar,· dck,·t.:d nnly whcn al leas! onc of thc ddining variables of the 
offcnding cell is inJq1cnd,·11t. 11,,\1',·\·cr. a ~pú•ial ,·,Hnmand is :1\·ail:ibk tiir d1c,king thc consistcncy of ali variables, 
irrespective of thcir indcp,·11<lc11t/dcpc1hf,11t lin,·a,:c. 
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is convenient for remembering the commands \\'hile the latter is faster. Thus, the "run rsB 
program" command, which is listecl on the .ivtain menu, can be issued at the interface level by 
simply holding down the control key and then pressing the letter B, also denoted by AB. (The 
case of the letter is unimportant, i.e .. , "B = "b.) 

There is only one way to accrss thr i\lain mrnu, which is not to say the commands, 
directly and that is with the "Fl" key. From the main menu the commands, which include 
bringing up the sub-menus, may be issuecl by hitting the chosen highlighted key, or, using the 
arrow keys to move to the chosen commancl ancl selecting it with the enter (carriage return) key 
or the space bar. 

In the catalogue of commands to follow commancls will be enclosed by < > brackets, to 
indicate they are keystrokes. Thus < run rsB program > or < B > are equivalent. For 
commands issued directly from thc interface leve) \\'Íthout going through < Fl >, 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 AB 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 AYH. 
If a command is issued which is invalicl in context, PLUMES will send a reminder to the 
dialogue window. The commancls are case insensitive. 

In the following catalogue of commancls, the name of the command as it appears on the 
menus is given, followed by the interface leve! keystroke command sequence and a brief 
description of the com manci i tsel f . 

The l\fain Mema 

The Main menu (Help, < F 1 >) is shown in Figure 20. 

< run rsB program >, ... B: 
Instructs PLUMES to run RSI3, (Roberts. Snyder, 
Baumgartner, 1989 a,b,c). Subscquent dialogue \\'inclow 
prompts ask you to specify thc numbcr of cases to run 
and the destination of the simulations. Thc console or 
monitor can be specified by typing the ,,,ord "console" 
(without the quotes) or simply press space bar if the 
console is the default output devicc. Or type "prn" for 
printer or any legal DOS file name. 

< run Um program >, ... U: 
Run the Ul\it moclel. Subsequent dialogue window 
prompts ask you to spccify thc number of cases to run 
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show Independents 

units Konversion 

List equations 

get Work file 
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and the destination of the simulations (console, printer, or disk file). (See explanation 
of the "B command above.) 

<show Independents>, Al: 
Typically, PLUl\1ES has severa! equations available for defining dependent cells. "I 
examines each of these ancl, in turn, identifies ali the potential defining variable sets for 
the cell in which the cursor is located. The cell 's independent variables are revealed by 
black hatching of the background color of the cells' labels. "I 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 clefining set can themselves be either independent or 
dependen t.) 

<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, 111, scc, C). Subsequently, the conversions will 
appear in the dialogue window whenevcr the cursor is moved back into the cell. 

< List equations >, ... L: 
Provides a definition of the present cell. The header name is displayed at the top of the 
screen in the cell's interface color. t\n 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 provicled. 

<get \Vork file>, ... W: 
U sed to specify a ne\v \\'Orking file of records, or cases. A typeover window is provided 
for file name input. The < ! > key may be used to cycle through existing . V AR 
filenames in the present directory. The existing active file is stored and the new file is 
opened. The new file name rcplaces the old one at the bottom of the interface after the 
word "FILE". If the file clocs not cxist it is created and filled with default data. The 
length of the new file is chccked lo hclp ascertain that the appropriate format exists. 

< fill New file> , "N: 
Directs the interface to creatc a ne,,· lile of records from the current file of records. You 
are asked for a new file name (existing files are rejcctecl). The filename extension, 
.VAR, is recommencled (sec the <get \York lile> command above). You must specify 
which records are to be copird to the ncw file. The numbers of the cases must be 
separated by blanks (spaces, nnt cornmas) but rnay be in any order. Sequential cases 
may be specified by connccting thcir beginning ancl end members with " .. ", e.g. the 
sequence 5 3 .. 7 l causes thc cases 5, 3, 4, 5, 6, 7, ancl 1, in that order, to be copied 
to the new file. Thc commancl is uscful for reorganizing your case files. 
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<add to Output >, AO: 
For the U!vt model AO allo\\'s cells to be adclecl to the list of cells that are displayed as 
output. Affected cells are highlightcd 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 thc AYS cornmancl on the l\liscellany menu. 

< cell Precision >, AP: 
Increases the prec1s1on to which the cell value is expressed. (Up to s1x significant 
digits.) 

<configuRe models ► >, ARx: 
Displays the Configuration menu. The "x" indicares another key is to follow. If "R is 
pressed at the interface leve], the Con figuration mem1 will appear after a timed dela y if 
the "x" has not follo\\'ecl in the allottecl time. 

<moVement commands ► >, AV~c 
Displays the Movernent menu. Thc "x" indicares another key is to follow. If ,.V is 
pressed at the interface leve!, the l\1ovement menu will appear after a timed dela y if the 
"x" has not followecl in the allottecl time. Some mnemonics of sorne of the editorial 
commands are also displayecl. 

<miscellanY mema ► >, AYx: 
Displays the Miscellany rncnu. Thc "x" inclicates another key is to follow. If "Y is 
pressed at the interface leve!, the l'vliscellany menu will appear after a timed delay if the 
"x" has not followed in the allotted time . 

<ese> 
The null command. Returns the interface leve!. 

The Configuration l\Ienu 

The configuration describes onc of severa! possible running 
modes for the interface, Ul\1, ancl RSB. The scttings are 
identified in capital letters and numbcrs artcr unckr the \\'Orcl 
"configuration". Defaults are providcd if the file SETUP is 
missing, otherwise they are takcn frorn SETUP. The mem1 is 
shown in Figure 21. Unlike othcr mcnus \\'hich clisappear after 
a command is selected, the configuration menu remains 011 the 
screen until <ese> is hit, allowing thc cntire configuration 
string to be edited in one pass. It can be accessed with < Fl > 
followed by < R >, or "R. Once thc commands are known, it 
is more convenient to use the com manci sec¡uences given below. 
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< Auto ambient >, "'RA: 
Possible settings are A (on) and N (oft) in the first character of the configuration string, 
e.g. ATNO0 or NTNO0. In the ambient block starting with the line below the surface 
ambient line, while moving from cell to cell, Auto ambient (on) will fil! the cell with the 
value immediately above it if that \'alue is independent (yellow). This is a convenient 
way of filling out the ambient block when man y 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. NRCO0, indicates that PLU1\1ES will prompt you to approve 
or change the inputs (wastefield width and origin distance). This allows you to 
essentially run the farficlcl moclel inclependently of the initial dilution models. It is, for 
example, one way to reestablish thc values tabulated by Tetra Tech (1982). The T 
setting (transmittecl) will establish the initial clilution model results as the farfield model 
inputs. The clefault value is T (transmitted). 

<Cormixl categories>, "'RC: 
The commancl toggles between two options. Possible settings of C or N are identified 
by the thircl character in the configuration string at the bottom of the interface leve!. The 
C setting, e.g. NTCO0, inclicates that PLUtvlES will attempt to define CORMIXl flow 
class corresponding to thc input conclitions. Recommendations for model usage are also 
presented. The N setting, e.g.. NTNO0, specifies that no classification is attempted. The 
default mode is N . 

<Farfleld start >, "'RF: 
Used to configure the UM moclcl. it is iclentified by the second character in the 
configuration string at thc bottom of the interface leve!. This command specifies at 
which point the farfielcl dispersion model is initiated following the use of UM in the 

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

Figure 22. Farfield configuration options. 

initial dilution pilase, i.e. in the ncar ficlcl. \Vhen the command is issued the prompt 
shown in Figure 22 appears in the dialogue \\'indow. Using the M, or Max-rise option, 
e.g. AMNO0, the initial dilution pilase is terminated when the plume reaches maximum 
rise (or the surface), after which thc fartield model is initiated. The default value is O 
(Overlap), e.g. AONO0, which spccifies the farfield model begins when the plume 
element can no longer be consistcntly dcfincd clue to geometric constraints (Frick, Fox, 
and Baumgartner, 1991 ). This condition, sufficiently pronounced, has been associated 
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with upstream anvil fonnation (Frick et al., I 990). The P (Pause criterion) option, e.g. 
APNO0, initiates the farlielcl moclcl when the conclition in the pause cell is met. 

<Reversals set>, "RR: 

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

The < Reversals set> command specitics how many extrema are to be modeled before 
the farfield moclel takes control. If the number of reversals (the last character in the 
configuration string) is set to zero, e.g. AONO0, PLUl\'lES will determine the number 
of reversals to be one, 1. for buoyant plumes and two, 2, far negatively buoyant plumes. 
The reason far this option is that normally rising plumes usually entrain much more 
vigorously between clischarge ancl maximum rise than they do in the farfield, thus the 
initial dilution region is confined to the region between clischarge and the first reversa! 
(i.e. maximum rise). Negatively buoyant discharges are frequently discharged upwards 
and pass through maximum rise befare their turbulence is dissipated, hence it is 
appropriate to continue relatively active entrainment through the subsequent sinking 
region. In any case, by spccifying a nonzero integer between 1 and 9, the user can 
specify the number of oscillations which will be mocleled. The O value is generally 
recommenclecl but may be altercd for thc sake of being conservative or for special 
considerations. 

< Show configurat ion> . "RS: 
Interprets the configuration string shown at the bottom of the interface screen. The other 

PLUMES Configuration 

A: Automatic ambient fill is on 
T: Brooks equation input transmitted 
N: The CORMIX flow categorization algorithm is inactiva 
O: UM far-field 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. 

O: Brunt-Vaisala reversals determinad by fil as lar 2 

Figure 23. The Show 1:ontiguration wmm~tnd winduw. 
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options are also summarizccl. /\n cxamplc contiguration is shown in Figure 23. 

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

The Movement Commands l\lcnu 

The Movement Commancls menu is shown in Figure 24. 
lt can be accessed with < F 1 > followecl by "'V or <Y>. 
Once the commands are known, it is more convenient to use 
the commands given below. Note that cvcn though thcy 
appear on a submenu, to use the movement comrnands from 
the interface level it is NOT necessary to tirst use the "'V 
key. 

The movement kcys given 011 thc :\loYcmcnt 
Commands mema are augmented by othcr cditing 
commands described in the ncxt scction: Miscellancous 
Editing Commands. Thcy are basic ancl uscíul ancl should 
be learned thorough ly. 

< A cell left > , "'A: 

1 
Movement commands 

A cell left 
S char left 
D char right 
F cell right <space> 
E cell up 
X cell down 
go to next Case 
Jump cell blocks 
P (return last cell) 
<ese> 
<bckspc> del left 
At del word right 
Aql sorry key 

Figure 24. The Movement menu. 

In the title cell, "'A moves the cursor to thc 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 thc left of its present position. If it is already at the 
beginning of the number or string, it rnoves the cursor to the previous cell. 

<Dcharright>,"'D, or < - >: 
Moves the cursor one character to the right of its present position. 1f the cursor is at the 
end of the number or string, it movcs thc cursor to the next cell. 

<F cell right >, "'F: 
In the tille cell, "'F moves the cursor to the encl of any word in which the cursor is 
located. At the end of thc title ccll 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 orto the next cell if the 
cursor is alreacly on thc right sidc. 
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< Space bar> works normally in thc titlc ccll but mo,·cs the cursor to the next cell 
in the rest of the interface. 

< E cell up >, AE, or < t >: 
Moves the cursor up ene cell in the interface. lf the cursor is in the uppermost row of 
cells, the cursor is moved to one 1 ine below the ckepest defined line in the ambient block 
or to the bottom of the column of cclls. 

<X cell down>, AX. or < ,1. >: 
Moves the cursor clown one cell. lf the cursor is in the row of cells in the ambient block 
one below the lowest ckfined ckpth, or is at the bottom of a column of cells, the cursor 
is moved to the top of thc column of cells. 

<go to Case>, AC: 
Directs PLUt\[ES to go to another case spec;fied in response to a typeover prompt in the 
dialogue window. The ncxt case is always offered as a default and can be accepted with 
< space bar> or < En ter>. Othe,wise, thc default may be overridden by typing any 
other number follo\\'ed by < spacc bar> or < En ter>. 

lf the specificd case nurnbcr is one grcatcr than the number of cases that currently exist 
in the file of cases, a nc,v chse, is appc,~ded ancl filled with the same information 
contained in the case from which the AC command is issued. Any number less than onc 
or greater than the number of cases plus one is ignored. 

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

<Jump cell blocks >, A.J: 
Moves the cursor into the next colored block of the interface. AJ is a fast way to rnove 
about in the interface ancl the only \\'ay to rnove the cursor into the [title] cell. 

< P (return last cell) > , A\' P: 
This command is useful arte:· a variable is selectecl for deletion in the conflict resolution 
mode. When a deletion is madc thc cursor normally returns to the cell in which the 
cursor was locatecl after thc value that caust>cl the conflict was entered. The "'YP 
command returns the cursor to the ccll which \\'as cleleted. Also works after the AJ, "'E, 
and AX commands. NOTE: Due to the prcsence of the AP (cell precision) command on 
the main menu, this commancl can only be acccssed by using the ,,..V prefix. 

<ese> 
The null commancl. Returns the interface leve!. 

Mnemonics: 
The Movement commands menu lists a few editing commands which also may be issued 
at the interface le\·el. Thesc are dcscribed in the next section. 
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Other Useful Editing Commancls 

The following commands pcrform uscful ecliting functions in the interface. Many of the 
commands are similar to thosc in thc WordStar (traclcmark) word processing program and in the 
Borland Pascal editor. Some common WordPerfect commands are also used. 

< space bar> , or < Entcr > : 
Moves the cursor to the next cell, cxcept 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: 
Erases the character or cligit uncler the cursor. 

"T: 
Erases the rest of the word or numbcr to the right of the cursor. 

< Page Down > : 
Directs PLUl\'lES to go to the prcvious case of the case file. When used in Case 1, the 
highest numberecl case is brought into the interface. 

For skipping over many cases 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 issuecl 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 commancl. 

Moves the cursor to the right of thc last character or digit in the cell. 

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

"Sorry-I-changecl-it-command". Rcstores the original value of a cell providing the cursor 
has not left the cell. Somc conclitions cause exceptions to this rule and data may have 
to be re-enterecl. 
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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 rnay be appropriate. 
Intended for debugging and documentation purposes. 

The Miscellany Mema 

The Miscellany Menu ('"-Y) is shown in Figure 25. 

<ambient column Fill>, AYF: 
lf 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 [clepth] cells are filled with 
the appropriate depths), move to the surface cell in 
the empty column and issue the AYF commancl. 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 > , AYI: 

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. Toe Miscellany menu. 

This command is used to place depth interpolated ambient values into interrnediate ernpty 
cells in a given column in the ambient block. For example, similar to the AYI cornrnand, 
you could specify a surface current of 0.10 m/sec and a bottom current of 0.20 rn/sec. 
Then, from the surface cell in the [current] column, issue the AYI command. The ernpty 
intermediate cells wiJl be filled with depth interpolated values. 

<Delete ambient line >, AYO: 
Used to delete the line in which the cursor is located from the ambient block. 

< Copy ambient line >, AYC: 
Used to inserta copy of the line in thc ambient block in which the cursor is located, i.e., 
between it and the next line in thc ambient block. 

< Beget new cases> , "YU: 
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 > , "YI I: 
Instructs PLUMES to evaluate ali 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 ali differences reported are cause for concern. In particular, very small values, 
which are for al! practica! purposes identical to zero, can occasionally differ by more 
than the criterion. Also, if the cletining equation has more than one solution, as for 
example is the case when the horizontal velocity [hor ve!] is computed from the total 
velocity [total ve!] and the vertical velocity [ver vel], the signs of the reported values 
may differ. Nevertheless, any reported clifferences 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 acldecl 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 retuming to the default list of 
variables. After the command is used the "O command may be used to establish a 
different list. 

< Purge case> , "YP: 
Ali cases after the one shown on the interface may be deleted from the case file. The 
command is especial! y useful when terminal cases have been added to the file 
inadvertently by the use of the < t > commancl. 

<construct Udf file>, "YU: 
Used to translate the cases specified in the dialogue window into the UDF format used 
in the 1985 plume moclels (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 toan ASCII file called UDF.IN. 

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

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

Figure 26. The pause l:ell dialogue wimlow. 

54 



l 
r 
l 
1 

o 

e 

o 

Ust'r's !.!llidt' to the plume model interface, "PLUMES" 

is the only way to access selected model variables not present on the interface screen, 
i.e. average dilution, ccntcrlinc conccntration, 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 ve!], [vertl ve!], and [p amb den].) The capital letters in the window are 
highlighted; their functions are: 

<Baek> or <B>: 
Moves backwards through the list of model variables, including those listed 
above. 

<lnequalities> 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 termínate before 
initiations of the farfield 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 Farfield start character in the Configuration string is set 
to "P" for Pause criterion, then Ul\1 will output a dilution immediately after 10 
m is reached and initiate the farfield algorithm. If the Configuration string is not 
set to the Pause criterion, then UM will simply output a value at that point and 
termínate. This is a convenient way to establish output at desired points (like the 
mixing zone boundary) or criteria. The inequalities include > =, < =, = 

<Output> or <0>: 
Adds the variable to the output table (see the AO command). 

<Variables> or <V> or < spacc bar> : 
Moves forward through the Iist of variables. 

<ese> 
The null commancl. Returns the interface level. 

<eormiX eategory>, AYX: 
Used to determine the CORMIX 1 tlow 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 ARC command.) 

< Zap most variables>, AYZ: 
Used to clear most of the variables on the interface screen. The cells not affected 
include the aspiration coefficicnt, the print frequency, the decay constant, and the farfield 
diffusion coefficient. 

<ese> 
The null command. Returns the interface leve!. 
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PRELThUNARY INFO~IATION 

System Requirements and Setup 

PLOMES 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 PLOMES are 
modest, less than 200K, and should not interfere with other resident programs. The latest 
advisories are contained in a file called READlst.exe, which, as its name implies, should be 
read first. READlst.exe contains information on how to unzip the program and document files. 
lnformation describing a few supplementary files is also found there. 

PLOMES 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 PLOMES. 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 PLOMES and to change to the new directory. At the prompt type "mkdir 
PLOMES" followed by a carriage return (i.e. the Enter key: <enter> ). The installation 
commands might look like this: 

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

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

C:\PLOMES > plumes 

Toe 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. 
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EXAMPLE: PROPOSED SANO 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 PLOMES 
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 PLlTh1ES inteñace 
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 is nota 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 PLOMES, are easily 
made. But, the greater flexibility available in PLOMES 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 (W\VTP) 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, TIIIS EXAMPLE CONTAI~S DELIBERATE l\.USTAKES. 

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 

A tutorial of the interface 

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 cells 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 

lt is assumed the necessary data needed for Sand Island have been acquired; the appropriate 
references are given. Begin by entering the main menu using <Fl > and set upa file for the 
example by pressing <W>, the <get Work file> command, or, more simply, press AW 
without first pressing < Fl >. 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 sean existing 
. V AR 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 AQD (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 
tille, e.g. "Sand Island validation". First, of course, you must move into the title cell. You 
could go to the Movement menu using the < Fl > key but it is faster to use the "jump" 
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command, "'J, severa! times until the cursor moves into the tille 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 

lclis 
4.469 1 4.469 1000 o.o 

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 

o.o 1.0 100 

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

90 1000.0 0.000453 

depth current density salinity temp amb cene N ( freq) red 
¡grav. 

o.o 

Ilustr. 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 1113/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 celJ). Notice that, if you move the cursor 
back to the [tot flow] cell using A A or < +- >, the dialogue line will appear as shown at the 
bottom of Figure 27. In addition to showing the total flow in 111

3/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, sorne other more 
conservative assumptions could be made. To simplify the analysis we will assume uniformity. 

Do not worry about what to do about the II l II that is already in the cell, just type 285. As 
explained previously, the 11 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 m3/sec is consistent with the flow from 285 
equal ports producing a total flow of 102 MGD (4.469 m3/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 <lid 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. 

Befare going on, note also that the ne\v value 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 is 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 tlow to double in the remaining ports. But, for now 
lea ve the spaci ng 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 severa! words to jump over, the .... QD command does the move in one 
step. Type in": no blockage" or something like that. Then return to where you were using the 
movement commands. 

The header of the next cell shows "efíl sal" and, because the cursor is now in the brown 
block, you may infer, correctly, that this refers to effluent salinity. lf 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 fer variable: s = effl sal o/oo 

Effluent salinity. Sea salt composition is assumed. 

Equations and variable definitions: 

s = sigmasal(t,den). 

den: olume densitv 

llustr. 28. A < List equations > screen for the eftluent 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 O.O. (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 Ap 

command). 

We can approximate for now the effluent 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 dueto 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 comer 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 bacteria! 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 farfield distance [far dis] 
cell. Since only the bacteria! levels at this clistance 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 UJ\1 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 thc dcpth to the center of the ports from which the plumes 
emanate to be 70. lm. All ports are at essentially the same depth. The blue background before 
the first letter in [port dep] inclicates 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 día] 
cell). The Sand Island diffuser 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, howev~r, 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 val ues 1

• 

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 critica} 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. 

1 The basic idea behind tilling empty cells in the interface is this: PLUMES can calculate cell values from 
input you provide because it is event dri\·en and because it normally has many ways to calculate each cell. To give 
an example, move the cursor to the [total \'dj cdl. You may ha\'e wondered why sorne cell labels are displayed 
against a checkered background which changes as you 1110\'e from cell to cell. These checkered labels tell you 
which other variables (cells) serve as independent vari.1bles for the cell in which the cursor is located. For example, 
right now the [port tlO\\/] and [plume dia] labels should be on a checkered background. That meaos that if [port 
flow] and [plume día] are defined (either white or yellow), [total vel] will be calculated by PLUMES, as it 
apparently has been. This is a basic charncteristic of the PLUMES interface that makes it act like a specialized 
spreadsheet. Essentially, most cells have one or sevaal equations associated with it, jusi like spreadsheets, that 
allows unknown cells to he defined, providing the ,tppropriate information is available. 

But PLUM ES provides more than the standard spreadsheet in this respect. If you will now push < F l > 
followed by <I> (or simply Al at the intt:rfa(e levd) for the <show lndependents> command, you will see that 
other labels are now checkered: tirst [horiz \/di and [vertl vd], then [plume dia], [p amb den], [eftl den], and 
[Froude #], etc.. Many cells have a multitude of w,1ys of being cah:ulated by PLUM ES. The "L command will 
revea! just how many there are and define them if the file EQ:-.:S resides in the curren! directory where it can be 
accessed by PLUMES. It is this ability of PLUM ES to calculute variables in man y difforent ways that helps assure 
that you will have to input only a mínimum of informal ion and that you do not have to be an expert and know how 
to provide specialized information. Your job is to keep finding cdls that you know something about and fill them 
until the interface is completdy delineJ. You can do this by moving directly to the cells you know, passing over 
the others. However, if al the end not ,di cdl are filled, you will need to retum 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 O.O 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 ali. 

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 coefficient 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 specified as they have been the [effl 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 suspendedor 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 effective 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 uscd, which means that the units in the 
pollutant and ambient concentration cells must match. We will use a value of 
6. lxl08(colonies)/ 100ml for the bacterial concentration. In PLUMES format, scientific notation 
is input in "e" format, for example as 6. l e8. Note again, that to replace the default value we 
simply start typing in the value of 6. le8 and < space bar> when done. 

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

e = e e-la 
o 
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where e is the concentration time r after a concentration of c0 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 cliffuser angle cell [hor angle]. Toe 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 o.o 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 

hor 
# 

grav. 

0.84 

angle 

90 

depth 

o.o 

o.o 1.0 -2.893 

red space p amb den p current 

7.315 

current density salinity 

Ilustr. 29 A partially completed interface. 

6.le8 55.26 

far dif far vel K:vel/cur Stratif 

0.000453 

temp amb conc N (freq) red 

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 tlowing 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 O to 5.lm 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 completed2

• 

Now move to the farfield diffusion coefficient cell [far dit] and use the AL 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 estímate farfield dispersion in 
order to determine maximum bacteria} levels in areas \Vhere 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. 

2
• This is a good time to point out something you may have already noticed, sorne of the labels have yellow 

labels (yellow lettering in lhe lahd like the [tot flow] cdl) while others have white ones (white lettering in the label 
like the port ambient density [p amh den! cell). In general, the yellow labels mark the variables that are 
recommended for input, in a sense, lhey are prcf'errcd variables. There are a variety of reasons why they are 
preferred which are ralher tr.chnical and have to do with the math of lhe et1ua1ions. For example, the program may 
be more easily confused about lhe sign of a cakulak<l numher if one of the secondary variables is input (e.g. the 
solution of a square root). There is even a possihilit_y of im:onsistcncies in lhe input (refer to the manual for an 
explanation). The miscellan Y suhmenu has a < cHeck consistem:y > comman<l that should be consulted when it 
is suspected that there is an inconsiskncy. Nornrnlly, inconsistencies will not develop unless the user overrides a 
cell containing a white (not to he confused with the hea<ler lettering color Jescribcd above) numeric dependent value 
with a yellow independenl input value, a topic that has not been covere<l yet. Even under these circumstances, 
inconsistencies (or contlicts) will not usually arise. Also, lo avoiJ alarm, in sorne cases the < cHeck consistency > 
command will report values of the same magnitu<le hui Jifferent 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 he seen whi:n issuing the AL comman<l. Sometimes it will report two very small 
values, both essentially equal to zern. whi~·h neverthdess differ by more than the fraclional 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 O.O 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 o.o 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 º·ººº 0.10 

500 
port elev ver angle cont coef effl den poll conc decay Fraude# 

Roberts F 
0.84 O.O 1.0 -2.893 6.le8 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 

~rav. 
o.o le-5 22.99 34.99 26.18 o 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 O is replaced by a small, 
near-zero value of le-5, which is the e-form scientific notation for 0.00001 mis. This is done 
to avoid a mathematical singularity elsewhere in the interface. Originally a O.O value was 
allowed but resulted in the creation of quasi-clelinecl 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 avoicled. The value of le-5 is practically equivalent to zero but 
can be input as a smaller value still if necessary. 

Note: Other quasi-clelinecl cells can still be generatecl, 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 O.O 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 thereafter, 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. 

• 
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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. Sorne 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 múnber is also used to determine similitude between prototype 
and hydraulic model representations of plume behavior. \Vhile useful especially for laboratory 
experiments, most environmental problems involve complex non linear 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 n,mning 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" ancl offer 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 

70.10 0.08500 610000000 

67.27 

61.20 

54.65 

53.04 

1.822 18800000 

3.682 6751000 

7.502 3744000 

10.75 3406000 

1.000 

31.18 

84.58 

144.2 

153.5 

m 

0.000 

4.417 

6.463< trap level 

8.460< merging 

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 (Muellenhoff 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 sorne 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 sorne 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 diffusivity factor appropriate to open coastal waters (4/3 power law), 
is 626. 7, above the water quality standard of 400 colonies/ 100ml. However, this estímate may 
still be overly conservative. The plume is well submerged and it may not be appropriate to 
conclude that individuals in near-surfacc 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 submeíged flow field, such as 10 hours. \Ve would then see a bacteria} concentration l.5xlü6 
colonies per 100 ml. 
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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 
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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 en ter 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 .315111 apart. The farfield simulation could be "corrected" 
without changing the near-field preclictions by accessing the Configuration menu ("'R) and 
toggling the < Brooks eqn input> option. The Configuration string will then change from, for 
example, "ATNO0" to "ARNO0", 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 wastefiel<l width:" in the dialogue window. Enteran 
approximate width of 1040 m to overricle the default value of 2088. PLUMES then prompts 
"Input starting longitudinal coorclinate", 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/lOOml 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 
PL"lTh-lES version of RSB uses a spacing ,,aJue twice that shown in the interface because 
RSB assumes two po11s 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 = 

Froude number, u3/b = 

Jet Froude number, Fj = 

3.42 lm/lb = 

0.00 

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 

Mínimum dilution, Sm = 158 

0.21 

A tutorial of the interface 

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

Notice that RSB does not reporta trapping level or intermediate dilution. However, we may 
compare the average volume flux 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 1 O. 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, "ATNt-.10" ("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, feecls 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, dueto inadequacies of the standard round plume assumption. It is 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 (20-t.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. 

2 
Jun 19, 1992, 12:11:52 ERL-N PROGRAM PLUMES, Jun 10, 1992 

Title Sand Island validation, no blockage, mio strat. 
tot flow # ports port flow spacing effl sal effl temp 

is 

Case: 2 of 

far inc fa 

4.469 285 0.01568 7.315 o.o 25 500 
2000 

port dep port dia plurne 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 Fraude # Roberts 
F 

0.84 o.o 1.0 -2.893 6.le8 55.26 18.68 
2.105E-14 

hor angle red space p arnb 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 arnb cene N (freq) re 
rav . 

o.o le-5 22.99 34.99 26.18 O 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 comer of Figure 34. To 
create a new case use the "C commancl, < go to next Case> on the Movement menu. The new 
case will use the information containcd 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, sorne 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 bolcl. 
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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 ( 19 60) , see guide far 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 sao.o 3269 0.9 

10510 610.5 10570 606.9 1000 6602 1.8 

1197 636.2 1224 621.8 1500 9936 2.8 

134.2 673.9 140.5 642.9 2000 13270 3.7 

============================================================================== 

<key> 

Ilustr. 35 UM and RSB predictions for Sane! Island Case 2. 

As befare, 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 wastetield thickness, which are not totally comparable 
quantities, also agree closely, being 37 .57 and 36.6 meters respectively. The message warning 
plome 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/lOOml, which is much less 
than the previous farfield concentration and would meet the water quality standard of 400 
colonies/ 100ml. 
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STEP 4: Analyze the Model Results ancl Make Acljustments 

In the previous section the RSB, UM, and historical model results were compared. Now 
we will del ve 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 diffuser 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. Finall y, in Case 5, we examine the effect 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 o.o 25 500 2000 
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print frg 

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 Fraude# Roberts 

F 
0.84 o.o 1.0 -2.893 

hor angle red space p amb den p current 
# 

6.le8 
far dif 

55.26 37.50 1.049E-14 
far vel K:vel/cur Stratif 

¡grav . 

0.2574 

90 
depth 

o.o 

76 
puff-ther 

72.19 

7.315 23.270.00001000 0.000453 0.15 554600 4.089E-06 
current density salinity temp amb conc N ( freq) red 

le-5 

le-5 

23.19 

23.28 

35.13 

35.15 

25.90 

25.64 

O 0.003473 

O buey flux 

0.008100 

Ilustr. 36 Sand Island blocked ports case. 

Instead of using the AC 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 delcte the middle lines using "'YO), the title, and the [# ports] 
cell. To change the PLUl\1ES configuration use the "'R command to obtain the Configuration 
menu, then toggle the COR.MI X tlow categorization feature -- simply press < C >. Notice that 
the configuration string at the bottom of the interface changes from ATNO0 to ATCO0 after 
which the flow category is given above the dialogue line: "CORMIXl 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 ]ayer 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 micldle lines in the ambient block in Figure 35 
have been deleted. (Also, the surface salinity and temperature cells have been arbitrarily 
adjusted to give about the same density graclient found between the 30 and 76 m depths, ignoring 
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 
!ayer in the third line of ambient stratification in Figure 34 (denser fluid of 23.31 sigma-t units 
would appear to líe 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 clilutions nor the farfielcl concentrations are significantly 
reduced (UM from 134.2 to 124.8 and RSB 184.0 to 140.7, see 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 ancl enter it anyway. Also, an effluent of 0.99979 gm/cc is 
reported; do not enter it just yet. While the clifferences are seemingly trivial, it <loes provide 
an opportunity to demonstrate the conflict rcsolution 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 tl~e information you type into the spreadsheet 
interface. You may have wonclerecl, "What woulcl happen if I move to a cell which contains a 
white value and I input a new value, thus ovcrriding the old value?" This is the primary reason 
why other programs do not allow the input of reclunclant variables. The danger is that you will 
either create an inconsistency or, as it is callee! in mathcmatics, 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/1113. 

As soon as you are finished entering the elata the background in the effluent salinity and 
temperature cells ([salinity] and [temp]), rhe plume (port) depth cell [port dep] and the brown 
effluent plume density [effl den] cells acquire a magenta background color and the 70.1 value 
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 mocle. In this case, move the cursor to the [salinity] and press 
<D> or the delete key. Immecliately, PLUMES replaces it with the value of 3.600 0/00. 

76 

1 



I 
A tutoría) of the interface 

plume dep plume dia pall canc dilutian har 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 calculatians based an Braaks (1960), see guide far details: 

Farfield dispersian 

--4/3 Pawer Law--

canc dilutian 

96780 579.9 

10840 614.9 

1169 678.0 

124.8 754.9 

based an wastefield 

-Canst Eddy Diff-

canc dilutian 

96960 578.8 

11120 599.2 

1249 633.6 

139.8 672.4 

width af 

distance 

m 

500.0 

1000 

1500 

2000 

1052m 

Time 

sec hrs 

3212 0.9 

6546 1.8 

9879 2.7 

13210 3.7 

---==========-==--------=======--------------================================= 

<key> 

RSB 

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

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

Case: 3: Sand Island validati~n: blackage, min strat. 

Lengthscale ratias are: s/lb = 

Fraude number, u3/b = 

0.44 lm/lb 

0.00 

llustr. 37 UM and RSB predi~tions for Case 3. 

77 

0.07 

1 
f 

l 
1 
1 

1 
t 

t 
l 



1 
'1 '1 
, ¡ 

r 

o 

o 

A tutoría! of the interface 

This new value has interesting implications. The question might be asked whether the 
effluent is indeed so saline, or is it more likcly that suspended or other dissolved contaminants 
contribute to the density or is ita 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 
bacteria! count has been raised only a few percent and is still below the critica! value. 

Now we will create Case 5 to provide another variation of Case 2, the case with mínimum 
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 bacteria! contaminant that is regulated, Enterococcus, which is found in the 
effluent at 6.3xl06 colonies/IO0ml. When you make just this change in the [poll conc] cell and 
ron UM and RSB you see that Ut-.1 provicks 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 6.3x l<f is of 6. lxl08

, which we 
expect. 

RSB provides a greater farfield dilution (993.9) than Ul\'1 because the initial dilution is 
higher. However, the 1.901 colonies/IO0ml 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 are proportional to the eftluent concentrations. 

Both RSB and UM are now in agreemcnt: the discharge will meet the Enterococcus water 
quality criterion of 7 colonies/IO0ml, predicting 1.901 and 1.386 colonies/lO0ml respectively. 
However, predicted concentrations are very sensitive to the value of the decay constant. For 
example, if the T90 time for Enterococcus is l 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/l00ml, 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 plumc to zcro current in the initial dilution (or rise) region and 
then assume that the subsequent current is 15 cm/sec. \Ve 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 consicler 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. Ad<l 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 U M ami 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/lO0ml. Nevertheless, both RSB and UM predict that the standard would be met 
under these conditions. However, at 1500111 the models would be in disagreement on the 
standard being met. 

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

Title Sand Island validation: blockage, min strat., current 
tot flow # ports port flow spacing effl sal effl temp far inc fa 

is 
4.469 142 0.03147 7.315 o 25 500 

2000 
port dep port día plume dia total vel horiz vel vertl vel asp coeff print 

frq 
70.1 0.085 0.08500 5.546 5.546 

500 
port elev ver angle cent coef effl den poll conc 

F 
0.84 

O. 01049 
o.o 1.0 -2.893 6.3e6 

0.000 0.10 

decay Fraude# Roberts 

55.26 37.50 

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

90 
4.089E-06 

depth 
grav. 

o.o 

7.315 23.27 

current density 

O .1 23.19 

Ilustr. 38 Case 6, with current. 

0.1000 

salinity 

35.13 

0.000453 

temp 

25.90 

0.15 55.46 

amb conc N (freq) re 

O 0.003473 

As before, part of the discrepancy betm~en the models can be explained by the fact that 
when using RSB it is assumed that the conccntrations are conservative throughout the initial 
dilution region. Since this zone is 275 m long, the eft1uent takes the better part of an hour to 
traverse this distance. We also note that thc flux of material flowing through the RSB plume 
cross-section is geometrically consistcnt with an average dilution of 1828 
((0. lx1031.5x79.2)/4.469). UM splits thc 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 reducecl to 3.858m (12ft) the initial dilution for UM increases 
from 1667 to 1690 and for RSB it clecreases 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" ansv,:er is really irrelevant. However, if standards 
are not met then refinements are in orcler. 
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plume dep plume dia pell cene dilutien her dis 

m m m 

70.10 0.08500 6300000 1.000 º·ººº 
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 57.70< trap level 

30.02 64.53 2546 1667 70.17< surface hit 

Farfield calculatiens based en Breeks (1960), see_guide fer details: 

Farfield dispersien based en wastefield width ef 1096m 

--4/3 Pewer Law-- -Censt Ecldy Diff-

cene dilutien cene dilutien distance Time 

m sec hrs 

406.3 1670.4 406.7 1669.0 500.0 2866 o.a 

45.97 1753.4 46.91 1717.4 1000 6199 1.7 

4.987 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 (l/12/92)) 

Case: 6: Sand Island validatien: bleckage, min strat., current 

Ilustr. 39 UM and RSB predictions for Case 6. 
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STEP 5. Using the Results in the Decision Making Process. 

As we said it might, the analysis evolved along several paths and examined severa! 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 UI\I predictions. 

But how good are the input data? In the case of the decay constant, we have observed 
extreme sensitivity of the bacteria! concrntration to minor changes in the decay constant. 
Bacteria! survival in ocean water is known to depend strongly on solar insolation, protozoan 
predation, and other factors. We also sa\\' that dilutions and concentrations were sensitive to 

• ambient current speeds and ambient density, ancl, 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 agencies to acquire environmental data overa wide range 
of conditions. Even then, it is apparent that judgment is also likely to play a role in the decision 

Q making process. 
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C EXAI\1PLE: A CORl\UXl COl\IPARISON, DENSITY, STABILITY, AND 
PROFILES 

INTRODUCTION 

Beginning in 1973, the U .S. EPA sponsored research which ultimately Ied to a succinct, 
untuned statement of forced entrainment, the Projected Area Entrainment (PAE) hypothesis 
(Frick and Winiarski, 1975; Winiarski ancl Frick, 1976, 1978; Teeter and Baumgartner, 1979; 
F1ick, 1984; Frick, Baumgartner, ancl Fox, 1993) .. Moclels using PAE, all currently expressed 
in the Lagrangian formulation, inclucle OUTPL~I (Teeter ancl Baumgartner, 1979), UMERGE 
(Muellenhoff et al., 1985), Ul\1, and JETLAG (Lee and Cheung, 1990). Sometimes criticized, 
the work was recently verified ancl justificd by Lee and Cheung (1990) and Cheung (1991). 
Cheung (1991) shows that JETLAG, a three-dimensional plume model, clearly outperforms the 
highly regarded Chu (1975) and Schatzmann ( 1979) models in predicting trajectory and dilution 
constants in asymptotic flow regimes. It also inclicates the correct power law dependence of the 
trajectory in different flow regimes. Frick, Baumgartner, and Fox (1993) demonstrate the 
similarity between UivI and JETLAG for two-climensional flow, showing that Cheung's 
conclusions concerning JETLAG apply to U ~1 as well. 

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

These limitation were a consiclcration in EPA 's clecision 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 of methods and empirical moclels to bridge the gaps evident in 
theoretical modeling. 

The Cornell initiative resultecl in the clevclopment of CORMIX 1, CORMIX2, and CORMIX3 
for the analysis of submergecl single port clischarges, submerged diffusers, and surface 
discharges, respectively. About 80 different cliffuser and ambient profile combinations, or flow 
classifications are represented. 

Empirical models are most effectivc whcn prototype and model variables and conditions are 
highly similar. When these conclitions are not met the predictions can degrade rapidly. In other 
words, it is often clifficult to extrapolatc to conditions which were not included in the 
experimental design on which the models are basecl. Since it is often not clear to the user when 
extrapolation occurs, this can be a real prnblem. This example demonstrates sorne of the 
pitfalls. They apply, though not to the samc 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 necessaty in the long run. Combining the Cornell CORMIX flow classification 
schemes in the PLUMES interface is an attempt to achieve this goal. In principie, it makes a 
screening level analysis possible which provides information on its own efficacy, and 
recommendations for furthec 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 
CORMIXl solution is found. It is a single port problem (CORMIXI), chosen in part because, 
at the time of this writing, the CORMIX2 and CORMIX3 flow 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 sorne of the pitfalls alluded to above. lt also addresses the relationship between 
average and centerline plume properties. 

(a) 

View Looking Downstre,:\m 

;¡-

0.6lm\_ / 

~~ 
, ~ DisGb,Jrge Pipe 

600 500 400 300 200 100 

Distance From Shore (ft) 

10 

20 

30 

40 

Depth 
(m) 

--+- Field Measurements 
------ Cormix App1·oximalion 

UY3 Case 2 

Discharge 
Level 

(b) 

10 20 30 

Ternperature (C) 

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

PROBLEM 
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Example: a CORMIXI comparison, density, stahility. and profiles 

A manufacturing plant is discharging eftluent into a reservoir. The effluent of 3.5 MGD 
contains chlorides ata concentration of 3500 ppm (3.5 0/00) and is released ata temperature of 
20 C. The reservoir is large and deep, a cross-section is shown in Figure 40(a). The discharge 
is ata depth of 29.9 m, 0.6 m off the bottom, and is directed upward atan angle of 10 degrees, 
whose horizontal projection is perpendicular to the curren t. 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 mis. 

S3 NH2 

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. CORMIXl 
calculates an effluent density of 998.3872 kg/1113 and an ambient density of 999.6476 kg/m3

. 

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 ata 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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Examplt>: a COR~IIXI comparison, density, stahility, and profiles 

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 default value for these cells, you can turn it off. 
Alternatively, you could move around the ce lis, or delete them the default values.) 

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

Title CORMIXl 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 
frq 

29.9 0.2540 0.2540 3.026 2.980 0.5255 0.10 
500 

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

0.6 10 1.0 O. 9296 3500 o 

her 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 
~rav. 

Ilustr. 42. First draft input for the CORJ\l!Xl example . 

Several assumptions and statements concerning the input should be clarified: The default 
port spacing [spacing] of 1000111 is appropriate. It means that merging will not occur 
because the plumes will never grow that large and tlms 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 eftluent is neither fresh nor sea water, the PLUMES equation of state is not 
valid for for accurately estimating the density of the eftluent. The "K (units conversion) 
command has been used to convert units in severa] cells, e.g. to input 3.5 MGD in the total flow 
cell. The ambient depth of 29.9m has been enterecl into the ambient block while the density, 
salinity, and temperature cells have been kft blank. PLUMES will be used to determine the 
ambient properties at port depth. 

lt is assumed the eftluent is co-tlowing, i .e. is discharged in the direction of the current, 
even though it contradicts the actual geometric tlow configuration. This is necessary because 
for single ports UM is a two-dimensional moclel. A horizontal angle [hor angle] of 90 degrees 
indicates the plume will be modeled as a co-tlowing 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 dueto 
the fact that the plume will project less area to the current and therefore forced entrainment will 
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Examplc: a CORl\llX 1 comparison, dcnsitv, stahility, and profiles 

be reduced. CORMIXl 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 CORMIXJ classification algorithm is currently inactive. Since we want to 
illustrate the association between PLUMES and CORMIX, use the <Cormixl categories> 
command, or < C >, to actívate the option. The third letter in the configuration string at the 
bottom of the screen will change from "N" to "C" (e.g., ATNO0 to ATCO0). The new 
configuration string is shown in Figure 44. 

PLUMES Configuration 

A: Automatic ambient fill is on 
R: Brooks equation input deleted 
C: The CORMIX flow categorization algorithm is active 
O: UM farfield predictions begin at element overlap 

Farfield model initiation choices are: 
M: maximum rise; O: element ovcrlap; P: pause criterion. 
Other criteria, such as surface interaction, will override these choices. 

O: 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 tcmperature 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: "CORMIXl 
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 sorne 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 ambicnt profile in order to obtain the CORMIX flow class. 
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o Example: a CORl\llXI comparison, density, stahility, and profiles 

Jun 23, 1992, 20:10:37 ERL-N PROGRAM PLUMES, July 1, 1992 
1 
Title CORMIXl example, H&J 1992 

tot flow # ports port flow spacing effl sal effl temp 
kiis 

0.1533 1 0.1533 1000 3.5 20 
60 

Case: 1 of 

far inc far 

20 

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

29.9 
500 

0.2540 0.2540 3.026 2.980 0.5255 0.10 

port elev 
IRoberts F 

0.6 
0.0003835 

her angle 
Stratif # 

ver angle cont coef effl den poll conc decay Froude # 

10 1.0 0.9296 3500 O -49.73 

red space p amb den p current far dif far vel K:vel/cur 

1000.0 -0.5584 o. 01500 O. 000453 0.015 201.8 90 
-0.01961 

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

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

plume dep plume dia poll conc dilution hor dis 

m m m 

29.90 0.2540 3500 1.000 0.000 

28.82 4.045 212. 8 16.47 9.574 

< only growth and aspiration entrainment after this point 

< local maximum rise or fall 

30.50 7.458 109 .4 32.05 19.49 

30.55 7.507 108.6 32.27 19.64< trap level 

31.37 8.660 93.91 37.32 22.92< bottom hit 

31. 72 10.00 81.19 43.17 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 draft 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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Exampl~: a COR~IIX I comparison, density, stahility, and protiles 

is appropriate (i.e. the rise is limited to the bottom !ayer). The predictions are given in Figure 
45. 

UM predicts a plume concentration of 212.8 at maximum rise ata downstream distance of 
9.574 manda depth of 28.82 m. This is clearly in the bottom stratified !ayer 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 set> option set to O, 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 estímate plumc 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 comer 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, Output, Yariables(space), or <ese> 

Ilustr. 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 retum to it by pressing < B >. When the [CI 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 sho\\'n in Figure 47. \Ve 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 ancl 81.19 ppm. Note that the ratio of the centerline 
to average concentration is not constan! 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 conci2ntrations are well below the 600 ppm standard. 

Notice that a centerline concentrations is not given in the farfield. An estímate 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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Example: a COR~HXI comparison, densitv, stahility, and proftles 

plume dep plume dia poll conc dilution CL conc hor dis 

m m m 

29.90 0.2540 3500 1.000 3500 º·ººº 
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 CORMIX 1 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 Simplilication 

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 COR!\HX l 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 ancl the eftlucnt should probably exhibit a greater density. In any 
case, it is sobering to see how little it takes to switch from one tlow pattern shown in Figure 41 
(S3) to another (NH2). Thus, unclerstanding the role that clensity plays in plume behavior 
and ambient stability is very impo,1ant. 

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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Example: a COR~11X I comparison, density, stahility, and profiles 

PLUMES predicts a negatively buoyant tlow 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 
2 

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

tet flew # perts pert flew spacing effl sal effl temp 
ldis 

0.1533 1 0.1533 1000 3.5 20 
60 

pert dep pert dia plume dia tr;tal vel heriz vel vertl vel 
frq 

29.9 0.2540 0.2540 3.025 2.979 0.5254 
500 

Case: 2 ef 

far inc far 

20 

asp ceeff print 

0.10 

pert elev ver angle cont coef effl den poll conc decay Freude # Reberts 
F 

0.6 
0.0003455 

10 1.0 0.9296 3500 o -47.19 

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

90 
-o. 01183 

depth 
grav. 

o.o 
-0.01618 

35.0 
~uff-ther 

17.95 

jet-cross 

45.40 

jet-strat 

4.979 

1000.0 

current 

0.015 

0.015 

-0.7222 0.01500 0.000453 0.015 201.7 

density salinity 

-3.022 

temp amb cene N (freq) red 

-0.3299 

o 

o 

25.5 

11 

O 0.02748 

O buey flux 

-0.002481 

jet-plume 

11.28 

plu-cress 

735.1 

plu-strat 

3.307 

CL cene>= 

Ilustr. 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 AK command, and input the effluent 
density in kg/m3 given in the CORl'vlIX 1 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 ancl delctc its value. The interface screen should now look like 

Jun 24, 1992, 9: 6:50 ERL-N PROGRA.M PLUMES, July 1, 1992 
3 
Title CORMIXl example, H&J 1992, effl den= 998.3872 

tot flow # ports port flow spacing effl sal effl temp 
is 

0.1533 1 0.1533 1000 0.1573 20 
60 

Case: 3 of 

far inc fa 

20 

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 
500 
port elev ver angle cent coef effl den poll cene 

oberts F 
0.6 3500 10 1.0 -1.613 

.0006391 
hor angle 

tratif # 
red space p 

1000.0 

amb den p 

-0.7222 

current 

0.01500 

far dif 

0.000453 

0.5254 0.10 

decay Fraude 

o 

far vel K: vel/cu 

0.015 201.7 90 
.02193 

depth 
rav. 

current density salinity temp amb cene N (freq) re 

o.o 
.008750 

35.0 
uff-ther 

2.03 

5.40 

jet-strat 

4.979 

0.015 

0.015 

-3.022 o 

-0.3299 o 

25.5 

11 

O 0.02748 

O buey flux 

0.001341 

jet-plume 

15.35 

plu-cross 

397.5 

plu-strat 

IJustr. 49. The interface screen after correction of CORMIX effluent density, with output. 
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Examplc: a CORl\llXI comparison, Jensitv, stahility. and profiles 

that in Figure 49. The eftluent salinity now indicates 0.1573 o/oo which supports the conclusion 
that the density of fresh water is used in the CORf\UX example with chloride being treated as 
a noncontributing component to density. \Vith this assumption, the flow classification now 
agrees with the CORMIX l precliction -- 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 l 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 moclel begins at maximum rise and the advisory 
message about growth ancl aspiration enlrainment may be ignored. 

Density: The Linear and Nonlincar Forms of tr~I 

At this point in the analysis you have reasons to lose con ficlence in the equations of state 
used in CORMIX and PLUM ES. Obviously, the PLUl\IES 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 thc 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 clensities of the plume and ambient fluids. 
It is a useful approximation in many cases whcre the non-linear form may be grossly 
inappropriate. However, it is totally inaclequate for predicting nascent density effects. 

The linear equation oí state is invoked simply by entering densities instead of salinity 
and temperature, which are left unclefinccl. 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 ancl 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 corresponclingly 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 suspendl·cl allCI clissolved solids, except for sea salt, it is best 
to use the nonlinear form of UM, i.c. to specify salinity and temperature rather than only 
density as input. It is recommended bccause 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 signi ficant 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. 
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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 predictecl plume reaches a trapping level at the 27.07 m level and, 
expending its vertical momei1tum, 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, 
4 

9: 7:56 ERL-N PROGRAM PLUMES, July 1, 1992 Case: 4 of 

Title CORMIXl example, H&J 1992, linear equation of state 

tot flow # ports port flow spacing effl sal effl temp far inc far dis 
O .1533 1 O. 1533 1000 20 

60 
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print frg 

29.9 0.2540 0.2540 3.025 2.979 0.5254 0.10 500 
port elev ver angle cont coef effl den poll conc decay Fraude# Roberts 

F 
0.6 10 1.0 -1.613 O 64.17 0.0006391 

hor angle red space p amb den p current 
# 

3500 
far dif far vel K:vel/cur Stratif 

90 
depth 

o.o 
35.0 

1000.0 
current 

0.015 
0.015 

-o. 7222 
density 

-3.022 
-0.3299 

0.01500 0.000453 
salinity temp amb 

0.015 201.7 0.02193 
conc N (freq) red grav. 

O 0.02747 0.008750 
O buoy flux puff-ther 

0.001341 22.03 
jet-plume jet-cross 

15.34 45.40 
plu-cross jet-strat 

397.5 4.979 
plu-strat 

2.836 

CL conc>= 

CORMIXl one port flow s3 unattached. Use UM. (See manual) 

deg e, deg F -2.0 to 50 deg e range 

Help: Fl. Quit: <ese>. Configuration:ATCOO. FILE: cormixl.var; 

plume dep plume dia poll conc dilution CL conc hor dis 

Ilustr. 50. The linear equation of state mode of U .rvt. 

The reason for this behavior is due to the fact that water has its maximum density around 
4C. Initially the plum e 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 COR!\IIX 1 comparison, density, stahility, and profiles 

the ambient fluid as the average clensity 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 CO:RMIXl example, linear mode, very cold ambient 

tot flow # ports port flow spacing effl sal effl temp far inc fa:c 
kiis 

0.1533 1 0.1533 1000 20 
60 

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

29.9 0.2540 0.2540 3.025 2.979 
500 

port elev ver angle cent coef effl den poll conc 
IF 

0.6 10 1.0 -7.724 
21.860.00007414 

her angle red space p amb den p current far dif 
# 

0.5254 0.10 

decay Fraude# Roberts 

3500 o 

far vel K:vel/cur Stratif 

90 1000.0 -0.09290 0.01500 0.000453 0.015 201.7 
5.706E-08 

depth 
grav. 

o.o 
0.07542 

35.0 
¡PUff-ther 

10.74 

jet-cross 

45.40 

jet-strat 

72.47 

current density salinity 

0.015 -0.09295 

0.015 -0.09289 

temp amb cene N (freq) red 

O 0.0001297 

O buey flux 

0.01156 

jet-plume 

5.227 

plu-cross 

3426 

olu-strat 

Ilustr. 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 ali 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 cnd of 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 shoulcl 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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Examplc: a C0Rl\11X I comparison, dcnsity, stahility, and profiles 

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, 
5 

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

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

tot flow # ports port flow spacing effl sal effl temp far inc fa 
is 

0.1533 1 0.1533 1000 o 40 20 
60 

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

29.9 0.2540 0.2540 3.025 2.979 0.5254 0.10 

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

0.6 
1.860.00007415 

10 1.0 

hor angle red space p amb den p current 

-7.724 

far dif 

3500 o 

far vel K:vel/cur Stratif 

90 
.449E-08 

depth 

1000.0 -0.09290 0.01500 0.000453 0.015 201.7 

o.o 
.07542 

35.0 
ff-ther 

10.74 

jet-cross 

current 

0.015 

density 

-o. 09295 

0.015 -0.09289 

salinity 

o 

o 

temp 

o 

amb conc N (freq) re 

O 0.0001378 

0.001 O buoy flux 

o. 01156 

jet-plum 

5.227 

plu-cross 

3426 

lu-strat 

llustr. 52. Discharge of a highly buoyant plume to very cok! water; nonlinear form of UM. 
With output. 

The densities of fresh water at severa) temperatures used in this example are compared in 
Figure 53. 
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Exampk: a COR~IIX I comparison, dcnsity, stahility, and profiles 

Tabla III. PLUt,.IES and CORMIXl densities compared 
with published values (Weast, 1977). 

FRESHWATER 
Temperature ------- Densities (kg/m3

) 

<e> UM CORMIXl 
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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). 

Dilfu9a' 

Planvlew 

Ilustr. 53. Diffuser configuration considered by RSB. 

Partdetall 

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 
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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 sorne 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. 

Establlshed wastefleld f he 

~, 
Zm 

------- x, ------94 

lnitlal mbdng 111glon 

llustr. 54. Definition of Wastefield Geometry. 

Sidevlew 
(Fore -9Cf> 

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 he height to top 
Ze and height to level of maximum concentration (or minimum dilution) Zm• The minimum initial 
dilution Sm 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. 

MODELBASIS 

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: 

m = uq (19) 

where Q is the total discharge, L the diffuser length, ui the jet exit velocity, and g0 • = 
g(pª - p)/pª is the reduced gravitational acceleration due, g is the acceleration due to gravity, 
Pa is the ambient density at the level of the ports and p0 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·1

: 

N = .± (..K. ldplllfl 
Pa dz 

We define three length scales: 

2 
l = !L 
q m 

b113 
l = -
b N 

m 
l = -
m b213 

(20) 

(21) 

Note that these length scales are defined based on the total 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: 

(22) 

Which, by means of dimensional analysis, becomes: 

(23) 

Where F = il!b is a dynamic variable which is a type of Froude number. In Equation 5, the 
effect of the source volume flux q is neglected asan independent variable. This is because 1/lb 
is usually much less than one and therefore has little dynamic effect except very near to the 
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The Roberts, Snyder, Baumgartner model: RSB 

ports. The corresponding normalized expression for dilution is: 

SmqN [ lm S ] --=/-,-,F,0 
b213 1 1 b b 

(24) 

where Sm is the minimum initial dilution, as previously defined. An average dilution S1 is 
computed as 1.15 Sm based on hydraulic model tests by Roberts (1989). 

The two length scale ratios lm/lb and s/lb 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/lb < 1.92 and 0.078 < l✓lb < 0.5. For s/lb < 0.3 
and lm/lb < 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 bes/lb < 1.92 and lmllb < 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 < O. l. 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 = ,/ lb in the range O (zero current 
speed) to 100. 

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

MODEL DESCRIPfION 

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 (sllb < 0.3 and lmllb < 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 5 and 6, and 7 and 8 of Roberts et al., 1989c. 

For sorne 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,,.qN = 2.19F 116 -0.52 
b213 

(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 
Ze.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). 

EXAMPLF.S 

lntroduction 

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 
discbarges 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. ciensity must not decrease downwards, however, under sorne 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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(26) 

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 ft3/s (5.49 m3/s) 

Number of ports = 202 

Port spacing (on each side of the diffuser), s = 6 ft (1.83 m) 

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, p0 = 1.000 g/cm3 

The port depth is about 70 m, and density stratifications at nearby Alki Point vary 
between 0.002 and 0.025 u1-units per meter. Taking the strongest stratification (0.025 
ucunits per meter) yields, for example, a density of 1.02425 g/c~ at the surface and 
1.02600 g/cm3 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 ares/lb = 0.14 and l,,/lb = 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 mínimum initial dilution Sm for this case 
is 80, and rise height Ze 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. 

100 



• 

The Roberts, Snyder, Baumgartner model: RSB 

Input file: 

Seattle Example 
5.490 202 

90.000 
1.0000 
1.02425 
1.02600 

0.000 
2 
o.oc 

70.00 

Output file: 

Input data: 

Seattle Example 

0.127 
1.830 
o 

o.o 
o.o 

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

o.oc 

0.000 
0.000 

70.0 

Port diameter = .127 m; Port spacing = 1.83 m 
Discharge depth = 70 m 
Current speed = O m/s; Angle of current to diffuser = 90 degrees 
Computed diffuser length = 183.0 m 

Density 
Depth (m) 

o.o 
70.0 

Resulta: 

profile: 
Density (g/cm3) 

1.02425 
1.02600 

Lengthscale ratios are: s/lb = 0.14, lm/lb = 
Froude number, u3/b = 0.00; Jet Froude number, 
Rise height to top of wastefield, ze = 32.9 m 
Wastefield submergence below surface = 37.1 m 

0.13 
Fj = 12.1 

Ilustr. 55. Input and output of the original RSB program (Roberts, 1991) . 
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Toe Roberts. Snyder. Baumgartner model: RSB 

Jun 28, 1992, 11:23:13 ERL-N PROGRAM PLUMES, July 1, 1992 
8 
Title Seattle Example 

tot flow # porte port flow spacing effl sal effl temp 
is 

202 o. 9.144 

Case: 1 of 

far inc fa 

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 cent coef effl den poll cene 

oberts F 
decay Fraude 

1 
l.833E-14 

her angle 
tratif # 

o.o 1.0 o 

red space p amb den p current 

100 o 

far dif far vel 

90 
.0001221 

depth 

0.9144 26.000.00001000 

density salinity 

24.25 

0.000453 

rav. 
o.o 

.2550 
70 

uff-ther 

36.61 

jet-cross 

24150 

jet-strat 

.952 

current 

le-5 

le-5 26.00 

CORMIXl flow category algorithm is turned off . 

5.49 m3/s, 125.3 MGD, 193.9 cfs. 
ange 

temp amb cene N 

o 

o 

0.01546 

0.006930 

1.425 

6.930E+l2 

plu-strat 

6.581 

CL cene>= 

>O.O to 100 m3/ 

Help: Fl. Quit: <ese>. Configuration:ATNO0. FILE: rsbeg.var; 

RSB 

Written b J. w. Roberts 12 12 89 

Dustr. 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 mis perpendicular to the diffuser. 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-NPROGRA»LUMESluly 1, 1992 Case: 3 of 8 
Title Seattle Example; with current 

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

port dep port día plume dia total ve) horiz ve) 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 poli conc decay Froude I Roberts F 
1 o.o 1.0 O 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. 
o.o 0.3 24.25 O 0.01546 0.2550 
70 0.3 26.00 O buoy flux puff-ther 

0.006930 1.178 
jet-plume jet-cross 

1.425 0.8049 
plu-cross 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. >O.Oto 100 m3/s range 

Help: Fl. Quit: <ese>. Configuration:ATNOO. FILE: rsbeg.var; 

Case: 3: Seattle Example; with current 

Lengthscale ratios are: s/lb 
Froude number, u3/b = 

= 0.14 lm/lb = 0.13 
3.62 

Jet Froude number, Fj = 12.1 

Rise heigbt to top of wastefield, ze 
Wastefield submergence below surface 
Wastefield thickness, he = 
Height to leve! of cmax, zm = 
Length of initial mixing region, xi 

= 26.S 
= 43.S 

21.5 m 
17.4 m 

= 164.9 m ANOOlAAA.US ,D 

Ilustr. 57. RSB Seattle example, with current.ANOOlAAA.USSS[Sorry: Run WPS] 
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The Roberts, Snyder, Baumgartner model: RSB 

Seattle Example: Model Extrapolation 

This example illustrates the effect of running RSB outside the range of values on which 
it is ha.sed. 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 1,,/lb 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 . 
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Jun 28, 1992, 11:28:14 ERL-N PROGRAM PLUMES, July 1, 1992 
8 
Title Seattle Exarnple; extrapolated 

Case: 4 o 

tot flow # porta port flow spacing effl sal effl temp far inc fa 
is 

202 0.02718 0.9144 

port dep 
frq 

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

70 0.06 0.06000 9.612 9.612 0.000 0.10 

ver angle cont coef effl den poll conc decay Froude 

1 o.o 1.0 o 
.658E-15 
hor angle red space p amb den p current 

tratif # 
90 0.9144 26.000.00001000 

612000.00005769 
depth current density salinity 

o.o 
.2550 

70 
ff-ther 

jet-cross 

51110 

jet-strat 

5.750 

•.. RSB ... 

le-5 

le-5 

24.25 

26.00 

100 

far dif 

0.000453 

far vel K:vel/cu 

temp amb conc N 

O 0.01546 

o 

0.006930 

4.390 

6.930E+l2 

plu-strat 

6.581 

hor dis>= 

Ilustr. 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. Toe 
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, whkh is about 13 m thick, then a uniform density down to the bottom. 
Toe port depth in this case is 31. 3 m below the water surface. Toe diffuser of the Seattle 
example is used and the new data files are given in Figure 60 . 

o 
.¡-Wnr aurface 

I 5 

10 ~ 
Depttl 11 
(m) ~ 

20 

\ 25 

so i.-Portdeplh 
D 

S6 -+-------.-----.-------,.------r---..-----, 
1.020 1.021 1.G22 1.023 1.024 1.026 1.(>28 

Denslty (g.tcc) 

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 
8 

Case: 6 o 

Title Seattle example; Boston density profile 

tot flow # ports port flow spacing effl sal effl temp far inc fa 
is 

202 0.02718 0.9144 

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

31.3 0.127 0.1270 2.145 2.145 
500 
port elev ver angle cont coef effl den poll conc 

oberts F 
l 

l.891E-14 
hor angle 

tratif # 
red 

o 
space p 

0.9144 

l o 
amb den p current 

25.200.00001000 

100 

far dif 

0.000453 

º·ººº 0.10 

decay Froude 

o 

far vel K:vel/cu 

21450 90 
.0006118 

depth 
rav. 

o.o 
5 

current 

le-5 

density 

21.4 

salinity temp amb conc N (freq) re 

O o. 03408 
.2471 

uff-ther 
7.3 

36.99 
10 

jet-cross 
15 

4150 
17.3 

jet-strat 
20 

.662 
25 

le-5 21.4 

le-5 21.5 

le-5 22.2 

le-5 24.2 

le-5 24.9 

le-5 25.1 

le-5 25.2 

Ilustr. 59. Seattle example, non-linear density profile. 
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Multiport 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 :ninimize 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 nota 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 plomes. 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 m3/s), 620 mgd (27.16 m3/s), and 1270 mgd (55.63 
m3/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, Mínimum initial Rise height to top of Wastefield 
speed O (mgd) dilution, Sm wastefield, z. (m) thickness, h. (m) 
(cm/s) 

Measure Predicted Measure Predicted Measure Predicte 
d d d d 

o 390 81 67 16.3 17 .1 7.5 12.8 

25 390 223 215 16.3 15.8 14.5 14.1 

o 620 70 59 17.8 16.9 10.5 12.7 

o 1270 56 46 17.8 16.9 14.5 12.7 
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is given in Figure 61. Table IV gives more comparisons between measured and predicted 
dilutions . 
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Jun 28, 1992, 11:29:45 ERL-N PROGRAM PLOMES, July 1, 1992 
8 

Case: 7 of 

Title Boston, multiport risers 

tot flow # porte port flow spacing effl sal effl temp far inc fa 
is 

440 0.03882 4.15 

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

31.3 0.157 0.1570 2.005 2.005 0.000 0.10 
500 
port elev ver angle cont coef effl den poll conc 

oberts F 
decay Froude 

1 
l.637E-14 

hor angle 
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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 dueto the additional mixing which occurs 
in ~he horizontally spreading layer in the non-linear profile compared to that in the linear profile. 
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The Roberts, Snyder, Baumgartner model: RSB 

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: 

Toe 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. 

Toe flow approximates a line source for s/lb < 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 /,,/lb = 0.2, as this will result in 
increased headlosses. The only constraints are interna! hydraulics (which may be 
complex for tunneled outfalls) and that the ports flow full, i.e. Fi > 1. 

Momentum only affects dilution when lm/lb > 0.2. Therefore decreasing the port 
diameter to increase momentum will only affect dilution if it results in l,,/lb > 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 fcatures: the Lagrangian formulation and 
the projected arca 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 Tumer, 1956) is also used. 

The projected arca 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 lcast 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 Fj: a mcasure of the ratio of 
momentum to buoyancy in the plume, with large Froude numbers indicating relatively high 
momentum and small Froude numbers indicating strong buoyancy. The ratio of efflux velocity 
to current is given by k; a high value indicates a relatively strong effluent velocity or low current 
speed. 

The efficacy ofthe 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 sorne 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 principies, 
entrainment, and rnerging are more eas1ly 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 arca, to which 
forced entrainment is directly proportional, at least in the initial dilution region. In the present 
UM model we use a proportionality constan! 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 ali the mass of the 
plume element were concentrated there. 

In Lagrangían and similar integral flux models, that is the only dynamic variable that is 
predicted by the plume model. Everything else must be inferred or assumed. The shape of the 
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Ilustr. 62. UM predictions in flowing ambient compared to Fan (1967). (a) .Fj=IO, k=S, 
(b) 1-j=lO, k= 12, (d) fj=40, k= 16, and (d) fj=SO, k= 16. 

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

Insteall if it is assumed that the element is defined by a smooth suñace 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 elelllCIII: as a thin round wedge with a blunt or sharp edge. This is the elemcnt form assumed 
in UM. A sharp edge occurs when plume trajectory radius of curvature is smaller than the 
plume rúus, causing the element faces to attempt to overlap, a physically impossible situation. 

Secondly, the asymmetry in shape is not consisten! 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 wilich is generally nQ1 at the center of the circular cross-section. 
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Ilustr. 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 
elemcnts 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 cnd 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 effiuent 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 
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UM BJQdel theory 

Boussinesq approximations (Spiegel ami Veronis, 1960) are not incorporated in UM. 

The exterior surface of the plume element coincides initially with the walls of the orífice from 
which it issues (or thc vena contracta diametcr). By integrating from this known initial and 
boundary condition thc plumc volumc is calculatcd bascd on the entrained mass and the assumcd 
clcment shapc. 

It is assumed that the propertics of the plumc at the boundary are indistinguishable from 
those in the adjacent ambicnt fluid. This has important implications, one bcing that drag is not 
an important force in plume dynamics. 11 also implies that mass crosses the projected arca of 
the element at the speed of the ambient cum:nt. 

Projectcd Arca Entrainmcnt (PAE) is a forced entrainment hypothesis that has been shown 
to work in moderate curren! without the necd 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 asan additive ~tra entrainment term which quickly diminishcs in relative 
importance as current increases. While the model cannot be proveo to be "correct", the fact that 
the theory predicts observed behavior well over a range of conditions without empirical tuning 
is not only dcsirable but persuasive. 

Conservation Principies 

The modcl includes statements of conservation of mass (continuity), momenta, and energy. 
Conservatíon of mass states that the initial mass of the element and that added, or entrained, 
over time is conserved. In modeling tcrms thc clcmcnt mass is incrementcd by the amount of 
fluid that flows over the outsidc boundary of the plumc element in a given amount of time. The 
P AE guarantees that excessive or inadcquatc amounts of cntrainment are not inadvertently 
incorporated, i.e. entrained, into the plume. 

Si milarly, horizontal momcntum is conserved. The horizontal momentum, the product of thc 
element mass and horizontal velocity, is increased by the horizontal momentum ofthe cntrained 
fluid in the same time step. Vertical momentum is not gcnerally 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 constan! specific heat, thc entrained mass, and the ambicnt tempcrature. An 
equation of statc is used to obtain thc densities of frcsh and sea water in salinity and tcmperature 
ranges that are reprcsentative of tem:strial and coastal waters. 

Entrainment aod Merging 

Entrainment is the process by which the plume incorporales ambient material ioto itself. It 
may be thought of as a proccss in which fluid flows into the plume interior through the exterior 
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surface. Altematively, it may be considered to be a process of accretion followed by the 
redistribution of material. The former model is used here and is consisten! with the projected 
arca entrainment hypothcsis. 

Severa! mechanisms of entrainment are considered: aspirated, forced, and turbulent, or eddy, 
diffusion. Aspiratcd entrainment is shear (or Taylor) cntrainment which is present even in the 
absence of current. It is due to thc fact that high velocity regions are regions of relative low 
prcssure which causes inflow of material into thc plume. Thus thc plume induces a flow field 
in the surrounding ambient fluid. Forced cntrainment is due to thc presence of current that 
advects mass into the plume. Diffusion is assumed to always be present but is only importan! 
bcyond the :rone of initial dilution. It becomes dominan! after the other two cntrainment 
mechanism die off duc to the steady reduction in shear between the plume and the ambient. The 
transition scparates 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 paramcterized by the 4/3 power law attributed to Brooks (Tetra Tech, 1982) and 
others. 

Entrainment through the projectcd arca of the plume is composed of three terms. The first 
term is proportional to the length along the trajectory (the cylinder componen!), the second to 
the growth in diameter of the plumc, and the third to the curvature of the plume trajectory that 
opens or closes arca on the element surface. Ali are simply mathematical parts of the overall 
projected arca that contribute to forced entrainment. A fourth term, encompassing the entire 
peripheral arca, 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 cntrainment by reducing the contact 
arca between the plumc and its environs. Each of the four entrainment terms is decremented 
to a different degree as mcrging proceeds. In essence, merging simply necessitates sorne 
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 
herc. This simplification helps to reduce the problem to two dimensions. Diffusers are assumed 
to be long so that cnd effects can be ignored and unbalanced interna! diffusion is neglected. 

Variations in the angle between the diffuser and the current are accommodated by 
mathematically reducing the spacing distance bctween 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 perforatcd 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. Toe simplest way is to reduce the spacing betwcen ports by a factor of two (i.e. 
spacing is equal to the diffuser length divided by the total number of pons). This method is 
justified by experience but it is not known with certainty how accuratc it is. Thc cffect may also 
be estimated by spccifying the "background" concentration gencrated by die upstrearn plume, 
which results in thc prediction of a reduced effectivc dilution. A thinl method involvcs doubling 
the f1ow per port and increasing the diameter of thc port to maintain approximately thc samc 
densimetric Froude number. None of thc methods account for the cbangcs in density profilc that 
the upstream plumc cffects ~ thc downstream plumc. 

MA mEMA TICAL DEVELOPMENT 

Basic Model Theory 

With respect to the foregoing discussion, it is emphasi7.Cd that the elcment in Figure 63 is 
not cylindrical but is in general a section of a bent cone. Thc consequena:s ofthis fact cannot 
be overstated because the shape of the element determines the projected area which in turn 
determines forced entrainment, frequently the dominant source of entraimnenL 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 principie of superposition allows tbe entrainment terms to be 
described separately. Toe projected area entrainment hypotbesis states thal 

dm = p_,4,u 
dt 

(27) 

where dm is the incremental amount of mass entrained in the time inCRment dt, A, is the 
projected area, u is the ambient current speed normal to the projected arca, and P. is the local 
ambient density. This hypothesis, neglecting Taylor entrainment for a moment, malees it 
possible to explain observed plume behavior in simple tcrms. 

Equation 27 can be written in vector terms 

dm z -p A .IJ. 
dt • ~ 

(28) 

where the underline notation is used to indicate a vector. .t¡, is a vector in a vertical plane 
containing the current vector but pointing generally upstrearn (i.e. out of thc element) and equal 
in magnitude to the projected area. Jl. is the average velocity of the ambicnt flow through the 
projected area. The minus sigo is due to the fact that d., and Jl. point in oppositc directions so 
that their dot product is intrinsically negative. 
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To estimate tbe projected area it is necessary to express mathematically how the length of 
the element, h, changes in response to changes in other plume properties. The reason h 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 bccau.se mass is conserved. The effect is confirmed by dilution and radii data 
tabulated by Fan, 1967. 

Referring ID Figure 64, .6.I.YI is seen 
to be the diffaence in velocity at two 
opposing faces of the semi-infinitesimal 
element. (lbe velocity vcctors are 
proportional to the displacement vectors 
shown. Also, in both Lagrangian and 
Eulerian formulations the element is in­
finitesimal only along the trajectory. 
Thus it is a bybrid integrating volume 
which must be treated differently from 
truly infinitesimal volume elements.) 
Since the Lagrangian formulation deals 
with material elements and it is assumed 
the velocity is uniform, the faces separate 
or converge in time, proportionally to 
.6.I.YI, i.e., 

s 

displacemenl 
of leadlng tace 

diaplacemenl 
of trallin& fe.ce 

.6.h = AIM 6t (29) 
Figure 64. Convergence of element faces due to 
differences in face velocities. 

where & is an arbitrary, but constant, 
time incremenL Integrating Equation 29 and noting that the corresponding speeds and lengths 
are .ó.lY..I and h., and, .ó.l.YI and h respectively yields 

J.' dh = 6t f'drl, 
'· ·-

where u,= l.rl and u.., = IY..I. F.quation 30 can be integrated to yield 

h - h
0 

= (u, - u..,)6t 

Finally, since & can be chosen to be h,/u,0 

.!. z ~ 

"· "• 
and I.YI and Ir change proportionally. 
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Plome D,-ics 

It is OIWIYellient to bcgin a discussion of the Lagrangian plume equations with the equation 
of continuity, in othcr words, thc cnttainment equation. F.quations 27 or 28 is a partial 
expression for cntrainmcnt; it states that the amount of mass added lo thc clcment in time dt is 
equal to thc total mass flux through thc clcmcnt surface. Thc complete entrainmcnt equation is 
a sum of die forced and Taylor cnttainmcnt tem1S 

dm ,. -p 4 .ll, + pAT v, 
dt ,, (33) 

where Ar is thc arca of the plume clcment in contact with the ambient fluid and vr is the Taylor 
aspiration speed. Since Ar wraps completely around the elcmcnt it is not expressed as a vector. 
Vr is oftcn matcd to an average plumc velocity through a proportionality coefficicnt, a: 

VT = alJ:j (34) 

where IYI is the average, or top hat, plume element velocity (but in other formulations it could 
be the cenlerline velocity with a scaled accordingly). 

For plumes (jets with buoyancy) adequately described by a Gaussian profilc (sce a 
subsequent section entitled • Average and Centerline Plume Properties") a valuc 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. Thc corresponding value for jets in stagnant ambicnt is 0.057. 
However, Frick (1984) makes arguments for a constan! a. Thc conversion from nominal 
Gaussian plomes to a "top hat", or average, description of the plume clemcnt yiclds 
corresponding values of 0.116 and 0.081. According to Frick, thc Iatter is ondcrcstimatcd so 
that an average value for a of 0.1 is thought to be slightly conservative in terms of describing 
aspiration entrainment. 

Strictly speaking, the arcas are infinitesimal arcas which might be indicated with the 
differential d prefix. This is because h is an infinitesimal distancc. However, the model 
equations aR approxirnations in which small algebraic valucs substitute for infinitesimal ones. 

Both cntrainment arcas need further elaboration. The Taylor aspiration arca in the absence 
of merging, dynamic collapse, and elemcnt facial overlap (sharp trajcctory corvature) is simply 

Ar = 2 itbh (35) 

where b is the element radios. The reduction in this arca due to merging is described in a later 
section. Dynamic collapse (Frick et al., 1990) is not included in UM. 
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Dcriving thc projccted arca is more difficult than deriving thc Taylor cntrainment arca. A 
dcrivation is presentcd, onc that applics to three-dimcnsional tlow. 

Sincc thc current, !J., is a vector field it may be transformed into a useful coordinate system 

z 

• 

~ 
~ 

y 

F"igure 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 thc sum of components in each of the local coordinate system directions 

lf. = u1i 1 + u,_i2 + U,/3 (36) 

where 21, 21, and 2, are the unit vectors in the direction ofthe trajectory, the horizontal normal 
to the trajectory, and in a vertical plane respectively. The vector 2, can be expressed in terms 
of thc cross-product of 21 and 21: 

i 3 = i 1 X i 2 
(37) 

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

As far as each velocity componen! is concemed the corresponding projectcd arcas are 
particularly simple, sce Figure 66. Again ignoring merging, collapse, and overlap, the projected 
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arca associated with u1, i.e., A,. is simply an annulus that wraps around the plume 

A 1 • irb .6.b (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 projccled area (see Figure 66a). Toe 
assumptioo is made that only the upstream portion of the area, half the circumference, has flow 
going through it. Toe flow in the walce is altered and is assumed to flow parallel to the plume 
surface. 

The difference in radius over the length of the element is 

a. 

b. 

~ 

growth term 

c. 

cylinder 
term 

curvature 
term 

Figure 66. The projected area entrainment components: a) the growth arca, b) side view of 
the element, and e) the cylinder and curvature area. 
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(39) 

where s is the distance along the centerline. Toe derivative is estimated from the difference in 
radius in sua:iessive program steps divided by the distance traversed. 

F.ach one of the velocity components u2 and u, has two projected area tenns associated with 
it, onc which is due to the curvature of the plume trajectory, the other simply being the 
projection ofa cylinder (see Figure 66b and 66c respectively). Since only the two-dimensional 
problem is considered the u, componen! 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. 

Toe cylinder projected area is simply 

Aq1 = 2bla (40) 

The change in direction of the average plume element velocity, Y, which is parallel to~,. 
over the length of the plume element h, in other words the curvature of the centerline s, 
produces the •curvature• componen! to the projected area. Since the faces defining the element 
are normal tos, in regions of strong trajectory curvature the element is deformed into a wedge 
shape. A depiction is given in Figure 67. 

Toe curvature component of the projected area is 

A " -~b2 aa la 
- 2 a, 

(41) 

where 8 is the elevation angle of s. This area can be positive or negative depending of the sign 
of iJllos which is determined with reference to successive values of JI.. A negative curvature 
and arca 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 ali three contributions to the total projected arca 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) 

z z 

X X 

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

dmY .. ll.dm _ m (p.-p) ,_ 
dt dt p 

(42) 

where m is the mass of the plume element (m = pT/rh), p. and p are the ambient and average 
element densities respectively, and t is the gravity vector. ll. 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 signif1Cantly. In UM it 
is equal to the ambient velocity at the leve! of the particle, i.e., 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 consisten! 
with the conception of the element 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 sol id surfaces and the free interface are not included, in the model, 
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however, the user is wamed by UM about interactions with the surface and the bottom, assumed 
to 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 

dm dmc,CT-T"{) • c,(T.-T,.,)-¡¡ 
dt 

(43) 

where e,. 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 e,. is constant over the range of interest permitting Equation 45 to be simplified, 

dmT,. T dm 
dt • dt 

(44) 

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. 

Severa! other relationships are necessary: Conservation of salinity 

dmS ,. S dm 
dt • dt 

(45) 

where S 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. 

dmx • x dm - kmx 
-¡j¡ "dt 

(46} 

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) l, which must be 
determined. Densities are derived from the equation of state (SigmaT function) used by Teeter 
and Baumgartner (1979). It is independent ofpressure, limiting UM to shallow, by deep ocean 
standards, water. lt is also limited to ordinary temperatures. 
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Boundary Conditlons and Other Pertlamt Relatlomlüps 

To complete the model, the boundary and initial ClOllditions must also be specified. The 
main boundary conditioo is the location of the source fiom which the subsequent position of the 
element may be detennined by integrating the trivial relationship 

dR • y 
dt 

(47) 

where B. is the radius vector of the panicle, i.e., the cemer of the element. To give an example 
of how the cquations are solved in a finire difference model, the new B. is 

R =B +Ydt ,..,, , (48) 

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

Several other auxiliary cquations are necessary. They include linear interpolations that 
determine ambient conditions at the level of the panicle. Also, because the Lagrangian plume 
equations require a very small time step initially, but not Jater in the simulation, a method of 
varying the size of the time step is used to control the rdativc 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 cquations are then used to determine the amount of mass that will 
be added given this time step, 3) this inc:mise 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 importan! to rccognize that sorne of the abovc cquations are not always solved for the 
quantity on the left hand side of the cqual sign. In other words, the dependent variable may be 
some other variable besides the one on the left hand side of the cqual sign. For example 
consider F.quation 49 which expresses the mass of the element in tenns of its dimensions and 
the density: 

m = pttb2h (49) 

For modeling purposes the radius, b, is not an independent variable, rather it is a dependen! 
variable. Since mass is computed by integrating from its initial value using the entrainment, or 
continuity, equation, it is effectively an independent variable in F.quation 49. In other words, 
F.quation 49 must be inverted to solve for the radius. Thus 
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(50) 

Merain& 

The basic approach to handling plume merging is to 1) reduce the entrainment arcas, both 
Taylor and forced, to account for the loss of exposed surface arca that occurs when neighboring 
plumes intenect 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. 

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

1 . ),, 
I· / ; 

11/ • 
\v .• 

Reflection planes 

Figure 611. Merging geometry and reflection planes. 

1 
h 

_j_ 

It is seen that the uncorrected Taylor entrainment arca can be multiplied by a factor cqual to the 
ratio of the exposed circumference to the total circumference to reduce it to the actual exposed 
arca. The side of the plume element that is longer and larger in arca 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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(51) 

(52) 

whcre • is defined in Figure 68 and L is the spacing between adjacent ports. The same 
correcti<» factor applies to the growth entrainmcnt lmn. 

Whilc it is assumed that the currcnt is perpendicular to the diffuSCI' axis, thc method may 
be used fac angles betwecn 4S and 13S degrees (90 dcgrees being c,quivalent to a current 
perpendicular to the diffuser) by multiplying L by the factor sin y, wherc y, is lhe anglc bctwecn 
!J. ami the diffuscr axis. This mcthod is justified by measurements of dilulion oí mcrging plumcs 
(Roberts, 1977). 

The corrcction factor for the cylindcr projccted area is simply 

L 
ªc,1 = 2b (53) 

Finally. thc correction tcrm for thc curvature projccted area cntrainmcnt contribution is 

ª- • l - 1♦ + sin1♦ (54) 
K 1C 

Equalions 49 and 50 must also be modificd wbcn mcrging occurs. As was pointcd out in 
thc prcvious scction, the mass of thc plumc clemcnt is obtained by knowing thc initial mus and 
intcgratiag thc cntrainmcnt equation. Givcn lhat thc mass, average plumc dmsity, and clcmcnt 
lcngth are known, the clemcnt volumc can be dclmnincd. Upon mcrging. thc transversc 
dimcnsioa of thc plumc clcmcnt (i.c. along l~ is assumed to be limitcd to a maximum length 
of L, the spacing distancc. Effcctivcly, a vertical plane half way bctwcCll thc ports acts as a wall 
or reflcclinc planc. This techniquc is common in air pollution modcling (Tumcr, 1970) whcrc 
a fictitious mirror sourcc is used to estimatcd dispcrsion in thc prcscncc of an actual physical 
barrier. W-Jth plumc mcrging thc sourccs are real. 

Thus. the volumc of thc plumc clcmcnt can be thought to be thc pmduct of h and thc area 
of a rounded rectanglc, scc Figure 69. This area is thc quoticnt of thc clcmmt volumc and thc 
lcngth which, aftcr simplification, becomes 
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a. 
-,-

h 

__L b. 

.fi&ure 69. Dcrivation of dimcnsions undcr mcrging: a) the mcrged clcment with volumc 
confined bctwccn reflcction planes, and b) thc carresposlding unmcrged clcment of equal 
volumc. 

rcb~ • ,cl,2(1 - 1♦ ) + 2b2sin♦cos♦ (55) 
1C 

whcrc b, is thc unmcrged round clcmcnt radius and b is now thc radius of thc clcment in thc 
vertical plane. In olbcr words, b describes thc plumc clemcot parallcl to l,. Solving for b 

b • ,rb, (56) 
ff - 1♦ + 2sin♦cos+ 

thc subscript t+& has bccn lcft off for simplicity. Since ,p is largcr than sin ,p cos ,p, b is largcr 
than b,. 

Average ancl Centerline Plume Propertles 

Thc prcvious discussion is in tcrms of average plumc propcrtics bccause average plumc 
propcrtics are physically compatible with thc average motion of thc plumc clemcnt. Wc do not 
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expect that centerline buoyancy can accurately describe, via vertical aa:eleration, the plume 
trajectory traced by the plume dement as a whole. After ali, the element is an entity which 
stretches from one bounclary witb the ambient flow to the other, with widely varying propenies 
in between. 

0n the other hancl, centerline concentrations are of gralat concan to environmentalists 
because they have the greatest potential for causing adverse impacts to living organisms. 
Fortunately, plumes are often found to possess prcdictable pattems of aoss-sectional propenies. 
For example, plumes discharge into quiescent fluid tend to display the Gaussian profile, very 
dilute at the edges and concentratcd 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. Conscquently, another profile, the 3/2 
power proftle (Kannberg and Davis, 1976), which closely matches the Gaussian profile over the 
concentrated portion of its range, is used to determine the centerline coacentration as a function 
of the average concentration, or dilution, that UM prcdicts. • 

The 3/2 power profile is expressed as 

~ .. (1 -<¡>ir (57) 

where + is instantaneous scaling factor relating differences between the plume and the ambient 
of an appropriate property, such as the concentration of some pollutmt or velocity, b is the 
plume radius, and r is the distancc from the center of the plumc to the point witbin the plume 
at which + is measurcd. 

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 

Lcvd.-t 
e=--
... Lvd.-t 

(58) 

where C..., is equivalent to the average concentration obtained from UM, C and v are the 
instantaneous concentration and velocity in the plume element, A is the cross-sectional area, and 
dA is the corresponding infinitesimal arca. The peak-to-mean ratio is defined to be c_;c..., 

c ... 
c.,,, 

c_fAvd,t 

Lcvd.-t 
(59) 

where e_ 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 cunents 
are large a simplification is possible. In tbis case the velocity can be considered constant and 
can be factorcd from the integrals, giving 

e_= 
c .. 

c_Ld.-t 

Lcd.-t 
(60) 

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. 
Howcver, the ratios vary and in much of the plume the peak-to-mean ratios are considerably 
smaller than tbese limiting values, in fact, near the source they often approach 1.0, depending 
on the uniformity of the source. 

Experimental Justitlcation of the Projeded Area Entrainment Hypothesls 

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 sbown below: 

Start with F.quation 13a of Roberts, Snyder, and Baumgartner (1989a) 

S qN 
-•- • l.08F111 

b"' 
(61) 

where s. is the centerline dilution in the plume, q is the diffuser volume flux per unit length, 
b is the buoyancy flux per unit length (i.e. the product of the reduccd gravitational acceleration 
and the volume flux per unit length), F is a type of'Froude number (,//b, where u is the current 
speed), and Nis the buoyancy (Brunt-Vaisala) frequency 

N = (-L dp)lll 
P. tk 

(62) 

and dpldz is the ambient density gradient. Then add F.quation 13b of same reference which 
states 

131 

.s/1#4ii<f,I/ ,Mfiitif114 ·* ~ ~ ·;, ,,y¡t if ... {":V}!'-fi*"'.',tt¡.qcu;..,,l!$?\11. .Af .,,M.1.IEHUU ½ ?@ 



·W;;¾ ,,i ¡""í~ • s, ~ ~~~ .. ~ 
~'ct;¡/ ~«~ !ltl ·%61 ¡•¡;¡· "!.t "'.;';?'[,¡ nk';l¾f-4~1l.,r/~e:.-.'" ,,,.._.,.,. ______ ,,,,,..., ___ """"' "--••-----••••-"""-"""""""""'~"""""'""-"'"""-"""'""'"líi;o*,¡lil 

• • • • • • 

UM modeJ lheory 

z. 
1 • 1.ssr"' 
• 

(63) 

where z,, is lhe rise above the port datum of lhe top of lhe fully mergcd wasteficld and /6 is a 
buoyant lmgth scale defined by RSBa F.quation 4 

'• • bm 
N 

(64) 

Combilling, noting that q = Qn., where L is the length of the diffuser and Q is the diffuser 
total volume flux, and maláng the appropriate substitutions yields 

s = 1.08 Lt,11 
• 1.86Q 

(65) 

The qmntity Lz.,u is, of course, just the flux through the projected area, which is the 
integratal fDnn of P AE The coefficient is within the general range describcd in the previous 
section. 

This clmvation proves, at least in an overall sense, that, givm sufficiently great current, 
initial dilUlion is given simply by die quotient of the flux through the projectcd area of the 
wastefiekl dividcd by die source flux, multiplicd by a constant factor. In lieu of convincing 
evidence to lhe contrary, it is eminently reasonable to assume that such an integrated outcome 
is the 1CSIJlt of adding the individual projectcd area fluxes througbout 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 die 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 
independenlly, are mathematically linear, and may be addcd. 
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FARFIELD ALGORITHM 

Farfield 6lpenion is estimated using thc mcthod of Brooks (Filchec, 1979). This method 
is wdl eslllllishcd and relatively simple to implemenL Two cqualions aM uscd, one for 
estimating aacmlnliolls in open coastal waters, large estuarics, and other hqe water bodies, 
and anolbel' far c:hannds, strearns, and other confinecl systems. 

The ~ WúCr equation is given by, 

s. s. 

erf( l.S ) 
4 

(1 + 8Kw5 ...!....)' - 1 
w2 

(33) 

where erf is tbe error function, S is the centerline dilution in the farfield plume, S1 is the initial 
dilution (al aaximum rise, overlap, or other specia1 condition), K is a dispersi(m coefficient, w 
is thc widtb of the plome field at the end oí initial dilution, and t is the time oí ttavel from the 
point oí the -1 oí initial dilution to the point oí intercst. 

Toe coafined water (riverine, small 1am) cquation is given by 

s. 
s • ---;:=====-

erf ( 
w2 
-4-) 

16K w5 t 

(35) 

wherc the sane definitions apply, but the dispersion coefficient may take on a differcnt value. 

In bolh Equations 66 and 67 the width, w, is thc horizontal widtb oí the waslefield measurcd 
perpendicular to tbe current: 

w "' (N - l).r# + 2b (36) 

where Nis -.e numbec oí ports, s_, is the effective spacing (spacing multiplicd by sintf), and b 
is the radias oí tbe plome at the end oí initial dilution. Equation 68 is simply the physical 
projection af the diffuser plus the additional growtb oí the plumcs outside oí Ibis region. It is 
an approxialtion which does not account for the "attraction" of the plumes to each other or 
other mecbaisms which can affect the width of thc wastefield, including UpslfflUll intrusion. 

Equaticm 66 and 67 only provide estimatcs oí volume dilution, which is appropriate for 
conservalive pollutants (decay = O) and unpolluted ambient receiving water. UM uses additional 
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cquations to estimate thc effect of first order decay and ambient background ooncentrations. The 
sequence in each time step is as follows. 

rust a dislance (palh), presumcd to be along ambient streamlincs, is eslablishcd. It is 
computed by adding thc value in the [far inc] cell to the distance of the element in the prcsent 
time step. lf the sum is greater than the value found in the [far dis] cell then it is set to tbat 
value, and evcntually tbe program is terminated. The time elapscd in traversing the distance 
between succesive values is found by solving the distance is cqual to rate times time formula. 
The total time is also incremented and Equations 66 and 67 may be solvcd. 1be incmnemal 
mass gained by the element during the time step is determincd by 

A• • es,.,., - S)•. (37) 

where t.m is the mass entraincd during the time step and m. is the plume element mass at the 
port. The total pollutant in the element is given by 

_!, 
m,,.11.1 z m,,e-1111., + Am x.,e 1 (31) 

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

lf the decay rate, k, is cqual to zero then the exponentials in the above cquation 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 statcs that the ambient concentration follows the same decay law as that in the plume. 1bese 
assumptions could impact the analysis of species such as coliform bacteria. 

1be final farfield calculation made during each time step determines the local average 
pollutant concentration in tbe plume element: 

X • Xo"', 
Sm o 

(39) 

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

1be farfield algorithm is much simpler than the initial dilution part oí UM. The quality oí 
thc estimatcs should not, in general, be expectcd to be as high as the initial dilution model. 
Consequendy, ií better methods for estimating the farfield concentration are available they 
should be considered. 
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APPENDIX l: MODEL RECOI\IMENDATIONS 

JUSTIFlCA TION FOR USES OF PLOMES MODE~ IN FRESH WATER 

The tille 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 
applicd the plume models to freshwater outfalls because experience showed that sorne 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 a number of formulae 
and methods appropriate for each sub-category, and linking together separare plume behaviors 
into an estímate of overall behavior, much like PLUMES links RSB and UM to a farfield 
algoridun. 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 practica) 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 establisbed what percentage of time annually a plume surfaces. Say that this 
estímate is to be based on available hourly data collected during a monitoring study. This may 
require hundrcds of simulations. As presently constituted, it may be unreasonable to expect an 
applicant to do the analysis using CORMIX. 

MODEL RECOM1tfENDATION 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 fonnulation of the models and the interface, PLUM ES, and 
have gained experience with the models in a large number of design and analysis applications. 
Our experience with CORMIX is not as cxtensive, 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, sorne of which are 
given at the end of this appendix. 
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given at the ene! of this appendix. 

1ñe basic responsibility for choice of a model lies with the user, especially in relation to 
applicatioo for regulatory permits, which may carry importan! legal implications in addition ID 
professional responsibility. Thee are many models and other approaches than can be used ID 
estimare initial dilution that may be acceptable 10 regulatory agencies. By presenting tbe 
following rcc:ommendations we do not claim that any others should not be used. In fact we 
include UUNE (Muellenhoff et al., 1985) in the tables which follow (indicated by •L •> bascd 
on our experience and its close connection to RSB. We do not provide rcc:ommendations far 
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 tbe regulatory agency 
requires use of zero ambient cunent. 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 (mdicated by "R" or "r" in !he following tables) is applicable 10 
, r least any case that matches closely with the experimental conditions used for its development. 
• ,e Figun: 2 of Roberts et al., 1989a as a guide: a complete list of experimental parameters is 
. tuded as Appendix l (Table S) of Roberts et al., 1989c. Other cases in whicb the density 
.,<lient over the height of rise can be represented by a linear gradient may be effectivdy 
,Jeled by RSB. Submerged pipelines with fairly closely spaced multiport risers may be 
. .Jded by RSB (Roberts, 1989). Additional classifications for environmental and dischaIJC 

situations based on the scheme developed for CORMIX are shown in the tables of 
recommeodations. Lower case •r• is used in severa! types of situations to indicate !he RSB 
model migbt be useful in analyzing these cases. 

Tbe 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 betwcea 
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 wbere tbe 
maximum density temperature is encountered, owing to a robust and rigorously defined equatioa 
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 approximale 
corrections can be made to RSB dilution predictions for vertically uniform ambient 
concentrations of contaminants. UM is well suited for very dense liquid or slurry discharges 
because lhe 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 rcc:ommendations 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 IO 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 nccded, albeit one which must appeal to the user for help to assure that the 
models are appropriately implemented. The usez- 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 ofthe CORMIXI (single port CORMIX) and UM models 
to single pon 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 CORMIXI 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.c. C, for CORMIX conveys the fact that we are not experts in CORMIX 
usage and do not feel justified in assignil'lg 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 sorne 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. Toe row can 
be likened to a chain in which each condition relevant to the problem is a link. Tbe 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 Iake 

143 

l,...,4-JJ,,iM·< &M<?-~11< ,4/;o,•.~111~~~~~1JJ/QIU ..... vu.44¡q.,.#.J;li.~~m•~;.A% ~ l\'ili?ii,?W,¡¡¡41,;,"'f1rin1i,$,l!Jl.$'1!Y,IIW.Jl'l,l\Hi !!tMi\b,,f-.Mm» .41,h ,n;4;; 4,#,1, ,4\414$/¡;'Í, m ,(A.~~,i; t!l.,4€ p•~,11'1M41f)M,i~U,\1-,4,\t,;t [)t,4,)i,f¾Jil!,lff:U:,\ii!L(-,01-.'Nh\?l\l~,w•.(4?'\ 1• 



~~~t;;;,;.. .~;~_i.~~_,, -----·-----"""""""'"""'""'-"::"--"""""""",-.ii'""~-·---•-----•---~-... ,¡-.,_;._, __ ;c\ ____ j_,.,_,_,__,_;,iO,"'"'"""''"""'""'~--"-"'M ______ _,~ 

• • • • • • 

• Appendj¡ t • Modcl 1N111111'1111tt 

which is stratified into two layers, with co-flowing current (directed in the same general 
dircction as the effiuent), and no background poUution, decay, or upstream i.nuusion (the 
prcsences of which would be indicated by UM with an overlap message), thcn both CORMIX 
and UM would 
be applicable. In this case, the chain would consist of the 1,2 stratification and 2-D curren! links 
which show U's in both instaneeS 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 ali 
CORMIX simulation modules use formulae and coetricients of uniformly high quality, CORMIX 
would be the model oí choice. On the other hand, going back to the original case, if 
background poUution 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 to 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 Diífuser l\fodel Recommendations: Table V 

Table Y: CoJumns 

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 layeñng is importan! 
depends on the strength of stratification as well as the buoyancy flux of the soun:e, however, 
an unstratified systcm is one in which truly buoyant (non-nascent density) dischalges reach the 
suñace, which can be established quickly simply by running UM. In stratified systems the 
density vañes with depth and the plume will trap (come to equilibrium) at sorne intermediate 
depth. 

For curren!, the 2-D sub-column is restricted to effiuents 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 givcn in the CORMIXI Comparison chapter (the fact that the analysis was 
conservative further justifying its use). Three dimensional current (3-D) meaos there is a 
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Tabla V. Single port discharge model recommendations. 

.,_.._ Stnlir,cMiaa c ..... °"'"' BO, - YSW -_..,,.. - 1.2 3♦ 2-D S-D ...... 
...,_____,_ e e e e e e 
-----fllPICilil,• -- u u u u . u . u . ,...... __ 

e e e e e e ...., __ , -- u u u u u u . . . 
o-._, e e e e e e 

---a.o.~.------- u u u u . u . u . 
.......... .-CIIIII .... ___ ,_, 
....... coldwater u u u u . u . . . 

significant component of current perpendicular to the flow of the effl uent or the current dircction 
varies with depth and significantly affects the trajectory. 

The other sources, decay column indicates that there are significan! Jevels of uniform 
horizontally distributed background pollution (concentration) in the water body, or that there is 
a neañ>y 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. 
Forexample, can the user establish that spatially separated plumes actually interact? Also note, 
that UM assumes background fluid is entrained at the leve! 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 suñace 
and low pollution near the bottom. Future versions of PLUMES will provide a method for 
betta' estimating this effect. 

Tite boundary conditions (BCs) column indicates that boundaries, bottom, suñace, and/or 
sides, play an importan! role in the plume problem. The concern here is that the models 
appropriately limit entrainment dueto the interference of the boundary. If side boundañes are 
important then, assuming there are no missing links, CORMIX should be used exclusively. 
However, if surface boundaries are importan!, then UM can generally be used up to the point 
wherc it indicates the surface is hit. In general, the indication in UM that the bottom is hit is 
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lcss important bccause the bottom is hit by thc weakly entraining sidc of the plumc. Howcvcr, 
for negativcly buoyant plumes, the bouom boundary condition is as imponant as thc surfacc 
boundary condition is to truly buoyant plumcs. 

Toe intrusion column indicatcs that portions of the plumc will flow upstmun and form eithcr 
stable or unstablc upstream protrusions. lf an estimatc of thc lcnglh of thc effect is wantcd, 
CORMIX is thc only model to use, again assuming therc are no missing links. However, in 
estimating the dilution in thc wasteficld, UM will provide cstimatcs, at the point whcre the 
surfacc is hit, which are consistent wilh thc amount of dilution water availablc for entrainment 
duc to current or aspiration and can be considered to be rcliable. As ia Muellenhoff et al. 
(1985), the dilution could be reduced by ten perccnt to assure thc analysis is conservative. 

Toe final column, VSW or very shallow water, that is, water less than lhrce plume 
diameters dcep, was built into UM to take advantagc of its merging algorilhm (reflection 
technique) to estímate initial dilution in cases in. which CORMIX provides no estimatcs, an 
excluded catrgory 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 thc port. UM can be applied 
using the <shallow/surface Z> command. (Run the READlst.exe file for thc latests 
,l.:velopmcnts on Ibis topic.) In such cases the surfacc or bottom are cncountered almost 
• •nmediately and no criterion is known to establish an appropriate beginning of thc farfield. As 
., result, widcly varying cstimates of plume sprcading are given, dcpcnding on whcre the farfield 
;one is initiared using thc Pause cell capability in the Configuration menu for the farficld start. 
Our recommendation is that the VSW capability be used only for screening purposes. If it nceds 
to be cstablished that a migration path exists for various fish, then thc solution giving thc 
greatest sprcad might be used as a conservative indicator of wastcficld width. lf maximum 
concentration at a mixing zone are of conccm, 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 
consultcd. 

Toe nascent dcnsity row is importan!, even though the effect is not well known. At low 
ambient temperatures, including freezing temperatures, the non-linearities in the cquation of state 
for f~sh or low salinity water, particular in the O to approximately IO C rangc, cause buoyant 
plumes to become negatively buoyant as they cool by mixing. lbe effect, described in the first 
chapter, is importan! in cold climate regions. As explained in thc CORMIX example chapter, 
existing vcrsions of CORMIX do not address the problem, in fact, they misanalyze it. 

As was pointed out in the CORMIX Comparison chapter, the problcm causes sorne models 
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ro faiJ complctely (one could say catastrophically), by predicting that the cffiucnt will rise ro thc 
surface instead of sinking to thc bottom. lbe ramifications could be serious, causing, for 
examplc, a monitoring program to be designed to study healthy surface biota whereas thc bcnthic 
communtity is actually affcctcd. 

Multiport Outfall Model Recommendations: Table VI 

Tabla VI. Modcl recommendations for multiport diffusers. 

e_._ Slnl&if'll:Miaa c..,_ ........ 
_,,,_ 

.. u l ♦ «- ,.... ,... "'" 
&uoy..-,,., e e e e e 
---,e.....,_. L ..... ......,., • R R R R R -- u u u u u u 
.,....,._ e e e e e e ·--· 1 -- ' ' R R R R 
........... u u u u u u 

~-, e e e e e e 
.......... 
llO,d ....... ' ' R R 
iadllllrilll-- u u u u u u ---~---r.c.r ._..,_ 
dw:n.l ....... e1o u u u u . u u ..,,._ 

Table YI· CoJumns and Rows 

°""' llCa """' .... V - ... s . ._, w 

e e e 

R 
u . . . 

e e e 

R 
u . . . 

e e e 

R 
u . u . 
u . . . 

The multiport discharge model recommendations are given in Table VI. In general, the 
same commcnts applying ro Table V apply to Table VI as weU. Notable differences are tbe 
addilion or the models RSB (denoted by R or r), ULINE (denoted by L or 1), and columns 
ror degrec or merging ami 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 oí mergirlg, either partial or full. It is worth 
noting that RSB is considered to be particulary appropriarc to tunneled outfalls with multiport 
risers. 

With respect to the intrusion column, only CORMIX provides an estímate of the length of 
of penetratioo upstream. However, in estimating the dilutioo in the wastefield, RSB and UM 
will provide cstimates. RSB, while not predicting the deplh of penetration, is considered to be 
especially applicable for making dilution estimaies and provides other information lacking with 
CORMIX. Again, UM predictions should be inrerpreted at the point where the surface is hit, 
that dilution being consisten! 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 diffusen, diffuser pipes with ports not perpendicular 
to the diffuser axis. Such diffusers are staged 10 use the momentum in the effiuent 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. Toe 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. 

OTIIER VIEWPOINTS AND RECOMMENDATIONS 

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

Single ports: SI, S2, S3, S4, SS, VI, V2, V3, VS, HI, H2, H3, H4, NVI, NV2, NHI, NH2, 
and NH4, provided they are not associated with an attachment suffix (A .. ). 

Multipport diffusers: MSl, MS2, MS3, MS4, MSS, MS6, MS7, MS8, MUIV, MUIH, and 
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MNU2. 
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APPENDIX 2: SUPPORT FOR TABLES I AND 11 (CHAPfER 1) 

TABLE! 

Input ud Output for Case 1 

Apr 3, 1992, 10,20,10 ERL-N Model PLOMES, Feb 19, 1992 
20 

Caaes l of 

Title EXIIIIPLE l, 5 CM/SEC 

tot flow 
4.381 

plume dep 
29.87 

port elev 
F 

# porta port flow apacing ■alinity temp far inc far di■ 
100 0.04381 10 O 15 30 100 

port dia plu- dia total vel horiz vel vertl val aap coeff print frq 
0.1524 0.1446 2.669 2.669 0.000 0.10 150 

ver angle cont coef plume den poll conc decay Froude # Robert■ 

0.6096 o.o 
hor u,gle eff ■pacg 

# 
90 

dlopth 
o.o 

30.48 

10.000 
current 

o.os 
o.os 

0.9 -0.8363 
amb den current 

24.28 
density 

24.10 
24.29 

o.osooo 
salinity 

32 
32 

100 l.157E-08 14.13 0.001673 
far dif far val ~:val/cur stratif 

0.000453 
temp 

13 
12 

O.OS 53.370.00003593 
amb conc N (fraq) red grav. 

1.6 0.007731 0.2466 
1.6 buoy flux puff-ther 

0.01080 2.936 
jet-pl1.1111e jet-ero■■ 

1.924 6.838 
plu-cro■■ jat-■trat 

86.41 6.650 
plu-■trat 

12.36 

hor di■>• 

CORMIX-1 ( ■ingle port) flow: h3¡ no bottom attachment. Use CORMIX (DJB) 

de9 e, daCJ r -2.0 to 50 dag e ranga 
Help: Fl. Quit, <ase>. configuration:ATCMO. FILE: djbmanul.var1 

CL conc pl,_ dep plwne di■ dilution avg conc hor di■ 
m m ID 

100.0 29.87 0.1446 l.000 100.0 º·ººº 70.50 29.86 0.3974 2.783 36,98 0.6407 
26.64 29.59 l.051 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.B97 10-28 
3.260 16.17 6.069 113.3 2.509 u.es 
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 
2.315 7.981 10.02 234.6 2.059 15.84 

150 
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2.146 5.746 11.61 274.5 1.998 
2.062 3.696 13.45 311,2 1.956 
2.056 3.526 13.62 314.3 1.953 

rar-fiald calculation■ basad on Brook■ (1960), ••• 
Far-fiald di■par■ion ba■ad on wa■tafiald width of 

Tima 
aec hra 

232.9 0.1 
832.9 0.2 

1433 0.4 
1633 0.5 

TSD -----Eq. VI.20-----
di■tanca avg cene dilution 

m 
30.00 
60.00 
90.00 
100.0 

1.952 
l.953 
1.953 
1.953 

315.l 
314.7 
314.5 
314.5 

------------------------------------------------

151 

17.06 
18.25 
18.35< ■urfaca 

guida for datail■ : 
1004a 

----Eq. VI.21-----
avg coac dilution 

1.952 
1.952 
1.952 
1.951 

315.1 
315.4 
315.6 
315.8 
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Anpendi• 2· Sunport for Tables J and 11 <Chap¡er U 

SELECTED INPUT 

Apr J, 1992, 10:20:42 ERL-N Model PLUMES, Feb 19, 1992 
20 

Casa: 2 ot 

Title EXAllPLE l, 10 CM/SEC 

tot flow 
4.381 

pluma dep 
29.87 

port elev 
F 

# porta port flow spacing ealinity temp far inc far di■ 
100 0.04381 10 O 15 JO 100 

port dia plume dia total vel horiz val vartl vel asp coeff print frq 
0.1524 0.1446 2.669 2.669 º·ººº 0.10 150 

-r angla cent coef plume dan poll cene dacay Fraude# Roberte 

o. 6096 o.o 0.9 -0.8363 
amb den current 

100 l.157E-08 14.13 0.01339 
her angla eff spacg , 

90 
depth 

o.o 
30.48 

10.000 
current 

0.1 
0.1 

24.28 
density 

24.10 
24.29 

0.1000 
salinity 

32 
32 

far dif far vel K:vel/cur Stratif 

0.000453 
temp 

13 
12 

0.1 26.690.00003593 
amb cene N (freq) red grav. 

1.6 0.007731 0.2466 
1.6 buey flux puff-ther 

0.01080 2.330 
jet-pluma jet-cross 

l.924 3.419 
plu-crosa jet-atrat 

10.80 6.650 
plu-atrat 

12.36 

hor dis>• 

CORMIX-1 (singla port) flow: hl; no bottom attachment. Usa EPA 1110dala (DJB) 

dag e, 
Help: Fl. 

deg F 
Quit: <ese>. Configuration:ATCMO. 

-2.0 to SO dag e ranga 
FILE: djbmanul.var; 

Apr J, 1992, 10:20:55 ERL-N Model PLUHES, Feb 19, 1992 
20 
Title EXAIIPLE l, 20 CM/SEC 

Case: 

# porta port flow spacing salinity temp far inc 
100 o. 04381 10 O 15 30 

3 of 

tot flow 
4.381 

pluma dep 
29.87 

port elev 
F 

far dia 
100 
frq 
150 

port dia plume dia total vel horiz vel vertl vel aap coeff print 
0.1524 0.1446 2.669 2.669 0.000 0.10 

Yer angle cent coef plume den poll conc decay Fraude# Robarte 

0.6096 O 
hor angle eff spacg , 

90 10.000 
depth current 

o. 9 -0.8363 
amb den current 

100 l.157E-08 14.13 0.1071 
far dif far vel K:vel/cur Stratif 

24.28 0.2000 0.000453 0.2 13.340.00003593 
density salinity temp amb conc N (freq) red grav. 
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o.o 
30.48 

0.2 
0.2 

24.10 
24.29 

32 
32 

., • 

Appendi• 2; Sunport for Tables I and U CChapter n 

13 
12 

1.6 0.007731 0.2466 
1.6 buoy flux puff-ther 

0.01080 l.850 
jat-plume jet-croas 

1.924 1.710 
plu-crosa jet-atrat 

1.350 6.650 
plu-atrat 

12.36 

hor dia>c 

CORMIX-1 (singla port) flow: a4; attachment: al. Use EPA modela (DJB) 

dag e, deg F 
Help: Fl. Quit: <ese>. Configuration:ATCMO. 

153 

-2.0 to SO deg e range 
FILE: djbmanul.var; 
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Apnendjx 2; Support for Tables I u4 u <Chanrer O 

Apr 3, 1992, 10:21: 2 ERL-N Model PLUMES, Feb 19, 1992 
20 

caae: 4 of 

Title EXAMPLE l, 40 CM/SEC 

tot flow 
4.381 

pluma dep 
29.87 

port elav 
F 

# porta port flow spacing salinity t-p far inc far di■ 
100 
frq 
150 

100 0.04381 10 O 15 30 
port dia pluma dia total vel horiz vel vertl vel asp coeff print 

0.1524 0.1446 2.669 2.669 0.000 0.10 
ver angla cent coef pluma den poll cene decay Fraude# Roberta 

0.6096 o.o 
hor angla eff apacg 

# 
90 

depth 
o.o 

30.48 

10.000 
current 

0.4 
0.4 

0.9 -0.8363 
amb den current 

24.28 
density 

24.10 
24.29 

0.4000 
salinity 

32 
32 

100 1.157E-08 14.13 0.8567 
far dif far val Ksvel/cur Stratif 

0.000453 
temp 

13 
12 

0.4 6.6710.00003593 
amb cene N (freq) red grav. 

1.6 0.007731 0.2466 
1.6 buey flux puff-ther 

0.01080 l.468 
jet-ploae jet-cross 

1.924 0.8548 
plu-cross jet-strat 

0.1688 6.650 
plu-atrat 

12.36 

har dis>• 

CORMIX•l ( ■ ingle port) flow: s4; attachment: a2. Use EPA modela (DJB) 

deg e, 
Help: Fl. 

deg F 
Quit: <ese>. Configuration:ATCMO. 

-2.0 to so deg e ranga 
FILE: djbmanul.var; 

Apr 3, 1992, 10:21: 6 ERL-N Model PLUMES, Feb 19, 1992 
20 

case: 5 of 

Title EXAMPLE 1, 80 CM/SEC 

tot flow # porta port flow spacing salinity temp far inc far dis 
100 
frq 
150 

4. 381 100 O. 043al 10 O 15 30 
pluma dep port dia pluma dia total vel horiz val vertl val asp coeff print 

29.87 0.1524 0.1446 2.669 2.669 º·ººº 0.10 
port elev ver angle cent coef plume den poll cene decay Froude # Roberta 

F 
0.6096 o.o 

her angle eff spacg 
# 

90 
depth 

o.o 
30.48 

10.000 
current 

o.a 
o.a 

0.9 -O.a363 
amb den current 

24.2a 
density 

24.10 
24.29 

º·ªººº salinity 
32 
32 
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100 1.157E-08 14.13 6.a53 
far dif far vel K:vel/cur Stratif 

0.000453 
temp 

13 
12 

o.e 3.3360.00003593 
amb cene N (freq) red grav. 

1.6 0.007731 0.2466 
1.6 buoy flux puff-ther 

0.01080 1.165 
jet-ploae jet-cross 

m·" ·1t· tri¼&::t'Mt¾rlf ~t'iJ;,:;;W~,;1 ··w-4;·•~--~~ -~~~~~~i;í...,,¡¡,,. ~ 

• • • 

App,ndix 2; Supporj for Tahles I and U (Chaple[ U 

1.924 0.4274 
plu-cross jet-strat 

0.02110 6.650 
plu-strat 

12.36 

hor dis>• 

CORMIX-1 (aingl• port) flow: s4; attachment: a2. Use EPA modela (DJB) 

deg e, deg F 
Help: Fl. Quit: <ese>. Configuration:ATCMO. 
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-2.0 to 50 deg C ranga 
FILE: djbmanul.var; 
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Annendix 2; Support for Tables J w n CChan!er O 

SELECTED INPUT FOR TABLE 11 

Apr 3, 1992, 10:21:44 ERL-N Model PLUMES, Feb 19, 1992 
20 

ca■e, 17 of 

Title EXAMPLE FOR EFFLUENT FLOW • 6 CM/S 

tot flow 
6 

pluma dep 
29.87 

port elev 
F 

# porte port flow ■pacing ■alinity temp far inc far di■ 
100 0.06000 10 O 15 30 100 

port dia pl.- dia total vel horiz vel vertl vel aap coeff print frq 
0.1524 0.1446 3.655 3.655 0.000 O.lG 150 

ver angle cont coef pluma dan poll conc decay Frou<la # Robert■ 

0.6096 o.o 0.9 -0.8363 
amb den current 

100 l.157E-08 19.36 0.001222 
hor angle eff apacg 

# 
far dif far vel K:vel/cur Stratif 

90 
depth 

o.o 
30.48 

10.000 
current 

o.os 
o.os 

24.28 
density 

24.10 
24.29 

0.05000 
salinity 

32 
32 

0.000453 
tamp 

13 
12 

o.os 73.090.00003593 
amb conc N (freq) red grav. 

1.6 0.007731 0.2466 
1.6 buoy flux puff-ther 

0.01479 4.021 
jet-plWE jet-croa■ 

2.635 9.365 
plu-croe■ jet-■trat 

118.3 7.783 
plu-■trat 

13.38 

hor dia>• 

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

deg e, 
Help: Fl. 

deg F -2.0 to 50 dag e ranga 
FILE: djbmanul.var; Quit: <ese>. Configuration:ATCMO. 

Apr 3, 1992, 10:21:54 ERL-N Model PLUMES, Feb 19, 1992 
20 

caae, 18 of 

Title EXAMPLE FOR EFFLUENT FLOW • 8 CM/S 

tot flow 
8 

pluma dep 
29.87 

port elev 
F 

0.6096 
hor angla 

# 
90 

depth 
o.o 

# porta port flow apacing ■alinity temp far inc far di■ 
100 O. 08000 10 O 15 30 100 

port dia pluma dia total vel horiz vel vartl vel aep coeff print frq 
0.1524 0.1446 4.873 4.873 0.000 0.10- 150 

ver angle cont coef plume den poll conc decay Fraude# Roberta 

o.o 0.9 -0.8363 100 l. 157E-OB 25.81 0.0009163 
eff apacg amb den current far dif far vel K:vel/cur Stratif 

10.000 24.28 0.05000 0.000453 o.os 97.460.00003593 
current denaity salinity temp amb conc N (freq) red grav. 

o.os 24.10 32 13 1.6 0.007731 0.2466 
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30.48 o.os 24.29 32 

• • 

AJ)llffldix 2, Support for IahJes J IP4 n <Oer!« n 
12 1.6 buoy flux puff-tber 

0.01972 5.361 
jat-plwa jet-ero■■ 

3.513 12.49 
plu-cro■■ jet-■trat 

157.8 8.986 
plu-■trat 

14.37 

hor di■>-

CORMIX-1 (single port) flow: h3; attachment: a4. Use CX>RMIX (DJ8) 

dag e, 
Help: Fl. 

deg F 
Quit: <ese>. Configuration:ATCMO. 
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-2.0 to 50 deg e ranga 
FILE: djbmanul.var; 
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Apnendix 2· Support for Table, J M4 Q CQwilec U 

Apr 3, 1992, 10:22:25 ERL-N Modal PLUMES, Fab 19, 1992 
20 ca_, 19 of 

Title EXAMPLE FOR EFFLUENT FLOW • 10 CM/S 

tot flow 
10 

pluma dep 
29.87 

port elev 
F 

# port■ port flow ■pacing ■alinity temp far inc far di■ 
100 O. 1000 10 O 15 30 100 

port dia plume dia total vel horiz val vartl val aep coeff print frq 
0.1524 0.1446 6.091 6.091 0.000 0.10 150 

ver angla cont coef pluma den poll conc decay Fraude# Robarte 

0.6096 o.o 0.9 -0.8363 
amb den current 

100 l.157B-08 32.26 0.0007330 
hor angla aff ■pacg 

# 
far dif far vel Ksvel/cur Stratif 

90 
depth 

o.o 
30.48 

l0.000 
current 

o.os 
o.os 

24.28 
density 

24.lO 
24.29 

0.05000 
salinity 

32 
32 

0.000453 
temp 

13 
12 

o.os 121.80.00003593 
amb conc N (freq) red grav. 

1.6 0.007731 0.2466 
1.6 buoy flux puff-ther 

0.02466 6.702 
jet-pl.- jet-croe■ 

4.391 15.61 
plu-croe■ jet-etrat 

197.2 10.05 
plu-etrat 

15.20 

hor die>• 

CORMIX-1 ( ■ ingle port) flow: h3¡ attachmant: a4. Use CORMIX (DJB) 

dag e, 
Helps Fl. 

deg F 
Quit: <ese>. Configuration:ATCMO. 

-2.0 to so deg e ranga 
FILE: djbmanul.var; 

,pr 3, 1992, 10:22:29 ERL-N Modal PLUMES, Fab 19, 1992 
0 
Title 

Ca■•• 20 of 

EXAMPLE FOR EFFLUENT FLOW • 12 CM/S 

tot flow 
12 

pluma dep 
29.87 

port elev 
F 

0.6096 
hor angla 

# 
90 

depth 
o.o 

30.48 

# porta port flow apacing ■alinity tamp far inc far die 
100 0.1200 lO O 15 JO 100 

port dia pluma dia total val horiz val vartl val aap coeff print frq 
0.1524 0.1446 7.309 7.309 0.000 0.10 150 

ver angla cont coaf pluma den poll conc decay Froude # Robarte 

o.o 0.9 -0.8363 100 l. 157E-08 38.71 0.0006108 
eff spacg amb den current far dif far val K:vel/cur Stratif 

10.000 24.28 o.osooo 0.000453 o.os 146,20.00003593 
current denaity aalinity temp amb conc N (freq) red grav. o.os 24.10 32 13 1.6 0.007731 0.2466 o.os 24.29 32 12 l.6 buoy flux puff-ther 

0.02959 8.042 
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Anpendi• 2; Sunnort Cor Tables J IP4 n CQaPter u 
jet-pluma jet-croe■ 

S.269 18.73 
plu-cro■e jet-■trat 

236.7 11.01 
plu-etrat 

15.91 

hor di■-

CORKIX-1 ( ■ingle port) flow: h3¡ attachment: a4. Use CORMIX (DJB) 

deg F deg e, 
Halp: Fl. Quit: <e■c>. Configuration:ATCMO. 
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-2.0 to SO deg e ranga 
FILE: djbmanul.var; 
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APPENDIX 3: TIIE DIFFUSER HYDRAULICS MODEL PLUMEHYD 

MODEL DESCRIPTION 

The model PLUMEHYD is based on the hydraulics model DPHYDR uscd by Tetta Tcch 
in the early 1980's to help assess 301(h) applications (Gremse, 1980), and, based on a limitecl 
number of trials, gives approximately identical results. lt is appropriate for use with multiport 
diffusers with bell shaped or sharp-edged ports. lt also considers multi-segmmted diffusers of 
varying diameter. The program uses metric (SI) units and works in batch mocle. 

A description of diffuser hydraulics is available in Grace (1978). 

MODELUSAGE 

At this time PLUMEHYD.exe works only in the 
batch mode, which meaos you must construct the input 
file in an ASCII editor, like the built-in Turbo Pascal 
editor. Sample input is shown in Figure 78. 

The first line of input is a tille. It is followed by a 
line containing the number of ports, number of diffuser 
sections, and the ratio of the density difference between 
the ambient and effluent fluids to the effluent density, 
(p. - pJI p,. The individual values must be separated by 

blanks. 

Honouliuli diffu ■■ r 
~ydraulic■ 

74 4 0.0267 
bell 

l 1 1.22 7-315 O.O 0.215 
2 22 1.22 7.315 o.o 0.134 

23 47 1.677 7.325 o.o 0.129 

llustr. l. PLUMEHYD batch input 
file. 

The third line should contain the words "bell" or "sharp", which is more infonnative 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, specifies 
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 portal the end 
of the diffuser probably put there for flushing purposes. 

The last line of input specifies the Mannings number and the total flow Jale. 

160 

- - :¡p,Wl i ,A, #M 4'9 ifof.%\fp 1/(,,Hf UW$1,, Uf ,!\l tJf!Mkl.$¡¡ JWIA#Z}!J, . hi,N@MSQ!l!!fflt,V(t]JMNAl;;t.½MJ, $, 

• • • 

t,pnendjg 3; The diffuser hyd1JUJics model PWMEHYD 

PLUMEHYD COMPUTER LISTINGS 

Pascal Versloo of PLUl\fEHYD 

{Sr+} 
{ 

} 

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[l..20) of real; 
fin,fxn,title: st80; 
nf,nl: array[l..20) of integer; 
qq,ee: array[l..50] of real; 
e,cd,pipev,portfn,portv,q: array[l..400) of real; 

ab ,al ,al ,cdc,dr ,dx ,dz,error ,eorg,eO,f ,fnf ,gprime,hlf ,hlz, 
mann,pd,pid4,pod,qc,qorg,qsum,qt,q0, v, vnew, 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 = Manning's n 
nf = number of the first port in a given section 
ni = 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 
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Arrendi• 3; The djffuser bY<lmvlics ""'21 PLUMEUYD 

function pwr{a,b: real):real; var sign: intcger; 
{ an exponelllialion function } 
begin 
if a < O thaa begin sign:=-1; a:=-a; end dse sign:=l; 
a: =exp(b*lll(a)); if sign = -1 then pwr: =-a else pwr: =a; end; 

function stñp(s:st80): st80; 
{ strips blms out of a string of clwacters } 
begin whiles[l] =''do delete(s,1,1); strip:=s; end; 

procedurc CVIICW(var enew,vold,cd,vnew: real); 
{ sets up PI.UMEHYD for analyzing diffusers with bell or sharp-edged ports } 
var dv,fl,f2.v,v2: real; 
begin 
v:=O; 
fl: =0.5/gfarew; 
12: =al/ab"'sqrt(2*g*enew); 

if ptype = ticll then begin 
v:=vold; 

rcpcat 
v:=vncw; 
v2: =sqr(v); 
cd: =0.97.5-i,wr((l-v2*fl),0.375); 
vncw: =Wllld+cd*f2; 
dv:=v--; 
v:=vnew; 
until abs(dv) - criterion < O; 

cnd 
else 
begin { sharp } 
v:=vold; 

repeat 
v2: =sqr(v); 
cd: =0.63-0.58 *v2 *fl; 
vncw: =Wllld+cd*f2; 
dv: =v-vnew; 
v:=vnew; 
until abs(dv) - criterion < O; 

end; 
cnd; 

procedurc loop; var j,k,nl,n2: integer; 
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Anneo<li! 3· Jbc diITvKc hydrauljcs model PWMEUYP 

{ maia program element } 
begin 
vorg:=O; corg:=cO; k:=O; qsum:=0; 

for j:= 1 to ns do begin 
pd: =piped[i]; 
ab: =pid4'"sqr(pd); 
dx: =dxpipe[j]; 
dz: =m;pipe[j]; 
f:=Jllil; 
pod:=portd[j]; 
al: =pid4•sqr(pod); 
fnf: = 1/al/sqrt(gprime*pod); 
nl:=nf[j]; 
n2:=nl[i]; 
hlz: =dz*dr; 
hlf:=rdx/pd/2/g; 

fo.-i: =ni to n2 do begin 
cwaew(corg,vorg,cdc,vnew); 
k:=k+l; 
e[k): =eorg; 
qc:=(vnew-vorg)*ab; 
q{k]:=qc; 
cd[k]:=cdc; 
pipev[k]: =vnew; 
podV{k]: =qc/al; 
portfit[k]: =qc*fnf; 
eorg: =hlz+eorg+vnew*vnew*hlf; 
qorg:==qc; 
qmm: =qsum +qc; 
voq: =vncw; 
cnd; 

{}ifj-ns < O then begin 
v:=vorg*sqr(pipedU]/piped[j+ 11); 
eorg: =eorg +O. 7*sqr(v-vorg)/2/g; 
voq:=v; 
ead; 

end; 
iter: =iter+ 1; ee[iter]: =eO; qq[iter]: =qt-qsum; end; 

procedure input; var portst: st80; 
begia 
wrik("lnput file (CR for default name of "HYD.IN": '); readln(fin); 
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Appendj• 3; Jbe dj(fuser bvd11uJics QIOdeJ PLUMEHYP 

if fin = " tbc:n fin:= 'hyd.in'; 
assign(fi,fin); sact(fi); 
writc('Output file (CR for default name of "HYD.EX": '); readln(fxn); 
if fxn = " tbc:n fxn: = 'hyd.ex'; 
assign(fx,fxn); rewrite(fx); 
readln(fi,title); readln(fi,np,ns,dr); 
readln(fi,pomt); portst: =strip(portst); 
if upcase(ponst(l]) = 'B' then ptype: =bell else ptype: =sharp; 

for i:= l tons do 
readln(fi,nfli],nl[i],piped[i],dxpipe[i],dzpipe[i],portd[i]); 

{ writc('lnput Mannings n, q (mA3/sec)'); } readln(fi,mann,qt); 
end; 

procedure inilialize; 
{ initializes program variables } 
begin 
error: =0.001; pid4: =pi/4; 
zman: = 124.S8*mann*mann; 
for i:=l to nsdo ff[i]:=zman/pwr(piped[i),0.33333); 
qO:=qt/np; 
al: =pid4*SQI(portd[l]); 
eorg: =sqr(qO/al)/2/g; 
ee[IJ:=eorg; eO:=eorg; 
iter: =O; gprime: =dr*g; end; 

procedure outputit; var j,k: integer; begin 
writeln(fx,title); writeln(fx); 
writeln(fx, 'Nwnber of ports = ',np:4); 
writeln(fx, 'drbo/rho = • ,dr:9:4); 
writeln(fx, 'Nvmber of sections = ',ns:4); 

if ptype = bell then writeln(fx, 'bell') 
else 
writeln(fx, 'sharp'); 

writeln(fx); 
writeln(fx, 'Mannings N 
writeln(fx,'Desired Q 
writeln(fx, 'Calculated Q 

= ',mann:9:4); 
= ',qt:9:4); 
= ',qc:9:4); writeln(fx); 

for k: = 1 ro 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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Appendjx 3· The djffuser hydrauJics model PWMEHYP 

'Lcngth between ports = ',dxpipe[k]:9:4,' ':9, 
'clz 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) (m/sec) (mA3/sec)'); 

writeln(fx); 
for j: =nflk] to nl[k] do 
writeln(fxj:6,e[j]: 10:4,cd[j]: 10:4,pipev[j]: 10:4, 
portv[j]: 10:4,q[j]: 10:4,portfn[j]: 10:4); 

writeln(fx); end; 
end; 

{ main program element } 
begin 
input; initialize; 

repeat 
loop; 

if iter = 1 then 
eO: =ee[l]*sqr(qt/qsum) 
else 
eO: = (ee[iter-1 )*qq[iter]-ee[iter] *qq[iter-1))/(qq[iter]-qq[iter- l ]); 

until abs( qq[iter]) < error; 
qc:=qsum; 
outputit; 
close(fi); close(fx); end. 

Sample Input File 

Honouliuli diffuaar hydraulics 
74 4 0.0267 
bell 

l l 
2 22 

23 47 
48 74 
0.014 

1.22 7.315 
1.22 7.315 
1.677 7.325 
1.982 7.315 
0.1818 

o.o 0.215 
o.o 0.134 
o.o 0.129 
o.o 0.123 
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Apneodix 3· lbe diffuser hvdm11lia model PWMEHYP 1 Apnendjx 3; Thc djffusq hydrau}jcs model PLVMJlliYP 

Port Specific COeff Pipe Port Port Port 
Sample Outpat file number energy cd velocity velocity di■char<Je Froude # 

(m) (m/aec) (m/aec) (m"3/■-c) 

Bonouliuli diffu■•r hydraulic■ 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 "-ber of port■ - 74 25 0.0018 0.9659 o.0298 0.1836 0.0024 0.9988 

drho/rho - 0.0267 26 0.0018 0.9653 0.0309 0.1836 0.0024 0.9992 
!lumbar of ■-ction■ - 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 
Nanning■ • . 0.0140 

1 

30 0.0019 0.9625 0.0352 0.1841 0.0024 1.0015 
De■irad Q - 0.1818 31 0.0019 0.9617 0.0363 0.1842 0.0024 1.0022 C&lculated 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 di--ter - 1.2200 34 0.0019 0.9593 0.0396 0.1847 0.0024 1.0049 
Length lbet- port■ • 7.3150 dz betw-n porta - 0.0000 35 0.0019 0.9585 0.0407 0.1849 0.0024 1.0059 Port diamet:er z 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 38 0.0019 0.9559 0.0440 0.1855 0.0024 1.0095 
number energy cd velocity velocity diacharge Fraude# 39 0.0019 0.9550 0.0451 0.1858 0.0024 1.0109 

(m) (m/sec) (m/■ec) (m"3/aec) 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 

l 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 di--ter - 1.2200 44 0.0020 0.9504 0.0506 0.1873 0.0024 1.0193 Length bet-n porta• 7.3150 d1: between port■ - 0.0000 45 0.0020 0.9494 0.0517 0.1877 0.0025 1.0213 Port diameter - 0.1340 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 

number energy cd velocity velocity discharge Froude # Friction factor F - 0.0194 Pipe diameter - 1.9820 
(m) (m/aec) (m/aec) (m"3/aec) Length between porta• 7.3150 dz between port■ - 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 dischar<Je Froude # 
5 0.0017 0.9728 0.0140 0.1761 0.0025 0.9399 (m) (m/aec) (m/aec) (m"3/■ec) 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.!1389 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 
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 o. 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 Priction factor F - 0.0206 Pipe diameter z 1.6770 72 0.0022 0.9470 0.0574 0.1986 0.0024 1.1069 
Length bet-n porta• 7.3250 dz between porta - 0.0000 73 0.0023 0.9464 0.0582 0.1991 0.0024 1.1091 Port di-ter . 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 INl'ERPRETATIONS 

CORMIX WINDOW RECOMMENDATIONS 

For a long time work culminating in this manuscript ami corresponding software and the 
EPA s¡>Oll5()ml work on CORMIX proceeded independendy. Since about 1990, efforts have 
been made to integrate the two approaches to take advantage of their complcmentary 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, cunendy 
restricted to CORMIX 1, is our attempt to do the same. 

Providing there are no limitations on its use as described in Tables V and attending text, 
CORMIXI is considered to be an appropriate solution to the plume problem under consideration 
in the PLUMES interface. lt is assumed that the Configuration menu has been used to tum the 
CORMIXI algorithm on. 

Note, since RSB is exclusively designed for merging plumes, only CORMIXI and UM are 
applicable to this discussion. Also, in ali questionable cases, at least a few runs using 
CORMIXI are recommended for the salce of comparison and mutual validation. 

Single: use CORMIXl; 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 CORMIXI flow classification scheme can also be used in a limited 
way to estímate 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 cxist. Excluded cases must be handled on a case-by-case basis. 

Use CORMIX or UM to surface hit 
Displayed in cases in which PLUM ES predicts flow categories nv3, nv4, and nh5: It is 
appropriate to continue the analysis with UM until the surface is hit. The use of 
CORMIX is appropriatc and possibly prefcrred, but only in cases in which nascent 
dmsity 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. 

UseUM 
Displayed in cases in which PLUM ES predicts no CORMIX 1 category or flow categorics 
si, s3, s4: lt is appropriatc to continuc thc analysis with UM. The use of CORMIX is 
appropriate, but only in cases in which nascent density effccts are absent and other wcak 
links in the CORMIX chain (see Appendix 1) do not cxist. 

Use UM to bottom hit 
Displayed in cases in which PLUMES predicts flow categories nvl, nv2, nhl, nh2, and 
nh4: lt is appropriaie 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 cffects 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 
reversa!, 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 poiut 
Displayed in cases in which PLUMES predicts flow categories s2, s5, h4-180, hS-180: 
UM is considered appropriate to the point of overlap, with the farfield model bcing 
initiatcd at that point. The use of CORMIX is appropriatc, but only in cases in which 
nascent density effccts are absent and other wcak Jinks in the CORMIX chain (see 
Appendix 1) do not exist. 

Use UM until near surfatt 
Displayed in cases in which PLUMES predicts flow categories v3, v5, h3, h40: UM is 
weakcr and CORMIX is correspondingly stronger in these 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 CORMJX is appropriate, but only in cases in which nascent dcnsity 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, hl, 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 appropriatc, but only in cases 
in which nascent density effects are absent and other weak Jinks in the CORMIX chain 
(see Appendix 1) do not exist. 
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AnQMdix 4· PuiMES window PPIISH and iolfrprehltiOQI 

DIALOGUE WINOOW 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 brackás □. which depend on the context of the message, are listed first. The rest follow 
in alphabetically order. 

[messai:e) at [variable]?. BEWARE oí 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 resolvc 
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 specificd file name already 
exists. You are asked to provide another case file name. An empty name, i.e. a simple 
carriage retum, may be used to cancel the command at this point. 

[string] nota number, correction attempted. 
You tried to input non-numerical information in a numerical ccll. PLUMES removcs the 
non-numcric characters from the input data and tries to convcrt the remaining string to 
numcric data. Other conditions, such as multiple decimal points, will also cause this 
message to be issued. Toe value should be checked and corrected if necessary. 

A descripti•e tille. 
Uscd to describe the tille cell. 

At [variable) Change sign or < key > to accept [default] 
This message usually indicates that PLUMES is trying to define thc identified ccll from 
an equation involving a square root for which both positive and negativc roots are valid. 
You bave to make the appropriate choice. 

Back, lnequalities, Output, Variables(space), or <ese> 
Uscd IO manipulate data in the Pause cell. 

Bad file name, old or default file restored 
lndicates a non-existan! case file, such as PLMSTUFF. V AR, was specified for opening. 
Usually this happens when you havc forgotten thc namc 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. 

Deíault table, or New table? 
Asks you whether to include the default output variables when running UM or to clear 
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tbc table (New) for the addition of variables of your choosing using thc < add to 
Oulput > command. 

Dlscharse in Mlddle or Suñace/bottom oí water column? 
Appears when the <shallow/surface Z> command is used. You must choosc <M> 
or < S > (or <ese>) to specify your choice, which cstablishes thc proper spacing for 
tbc rcflection surfaces and other parameters. 

Error delected In case range 
Appears after invoking the < Beget new cases> (Misccllany Menu) to indicatc that an 
cnur in specifying the number of cases to which to copy the current ccll has been made. 

From this case on, run how many cases? 
Appears after issuing the AB (RSB) or AU (UM) commands. You specify how· many 
cases, starting at the case number shown at the upper right comer of the scrcen, to run. 
Tbc default is always 1 which may be selected by simply pressing thc spacebar. 

Go to case ( <space> Cor default): [default case number] 
Ua to specify how many cases to translate into Universal Data File (UDF) formal 
necessary to run the 1985 plume models (Muellenhoff et al., 1985). Ali cases in the 
r.mgc from the present case to the specified case will be translated. 

Go to case ( <space> to accept deíault): [default case number] 
Appears after issuing the AC command to ask you the case number to which to move. 
Tbc next case is always the default value and may be selected by pressing the spacebar. 
A Yalue greater than the number of cases currently in the file causes a ncw 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 hllited Ietter or arrow keys and < CR >; use control sequences for speed 
lssued when accessing the main menu to remind you that the control key sequencc for 
issuing commands is faster than using the menus. 

Inconsistmcy at [variable name 1): [vnlue 1) vs. [variable name 2): [value 2) 
Tllesc messages may appear when using the < cHeck consistency > command if 
tolerances are not met. In other words, if two different cquations of the same dependen! 
variable yield values which differ by more than 1 part per thousand, then this message 
isissued. 

Input file name: 
Requests you to enter the name of the case file, i.e. the non-ASCII file used to store the 
input screen data, such as PLMSTUFF. V AR. These files cannot be edited by an ASCII 
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editor. 

Input startinc longitudinal coordinate: 
When the Brooks equation width input toggle in the Configuration S1ring is set to "user", 
PLUMES prompts for the initial width of the wastefield and the initial starting distanc:e, 
thus allowing for the override of these two parameters. This allows runs of the Brooks 
equation which are essentially independent of the initial dilution eslimates. 

Input wastef"aeld width: 
See related message, "Input starting longitudinal coordinatc:", 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, sorne 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 dqith cell must 
be defined, which must satisfy: ambient depth > = plume dep. A. message appears on 
three separate dialogue windows when sorne or ali cell valucs nccded to complete the 
<shallow/surface Z> command are missing. 

No chances 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 direc:t independents to hilite for [variable), remove others. 
lssued 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 toeally detined by other 
dependent (white) values. YOU SHOULD IMMEDIATELY REMOVE 1llE LAST 
VALUE YOU INPUT OR FIND OTHER INDEPENDENT VALUF.S TO REMOVE. 
USE IBE <cHeck consistency> COMMAND TO ASSURE CONSISTENCY. 

NO GO, incomplete efnuent/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 ,·ariables to the table. < key > 
Back, lnequalities, Output, Variables(space), <ese> 

Used to manipulate data in the Pause cell. Moves the pause cell pointer through the list 
oí available variables. 
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Out f/1 nnge? 
lndicates a bad case number was issued under the AC command. 

Plomes not merged, Brooks melhod may be invalid. 
The Brooks equations are based on a continuous wastefield, an assumption which is not 
valid when the plumes are not mergecl. However, the equations are probably valid ifthe 
unmerged diSlallce is small. 

Probable corrupted data file, check SETUP, and files. 
SETIJP should be deleted; program to terminate! 

An error 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 sorne other terminal condition exists. Check the 
SE11.JP file for clues, delete it, and start over (or shift attention to other case files). 

Quit, aU others to continue 
M~e appears when execution of UM has been interrupted. <Q> will cause the 
cwrent run to be abandoned. 

Repllcate this cell to case ( < space > to nccept 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 usen' guide for details 
Appears when the Configuration Menu is accessed. 

Spec:ify max reversals; O: 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-raeld at Max-rise, Overlap, or Pause criterion? 
lssued 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. Toe overlap condition is recommended. 
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Sure you .,.. to zap variables? (yin): 
Reminiler after issuing the < Zap most variables> command on the Miscellany Malu, 
that al variables except the aspiration coefficient, output frequency. decay, far fidd 
dispenion coefficient, and surfacc ambient deplh cell will be blanked ouL 

Temperatare A) [temperature 1) or <key> [temperature 2]? 
This aasage appears when temperature is the dependent variable (defiiled by density and 
salinity). In this case an approximation technique is used to solve die density funclion 
for lelllperature. This choice is presented when two solutions, staning at different inilial 
gllCS!ICS. of the problem converge on separate values. 

To use c«-nd, number of ports must = 1 
Reminder that the < shallow/suñace Z > command can only be uial for single port 
outfalls. 

To use Fill aabient cells: <key> for usage: 
cursor must lle on a full cell below cells to be interpolated 

lnstruas you how to fill embedded empty cells in the ambient block. You must move 
thc amor to a filled cell below the embedded empty cells. The conaponding surfacc 
cell IIIIISt also contain a value. The cells in between will be interpolated on the values 
of lhe depths in the depth column. 

UM runniac. key to iuterrupt 
Please wait message. UM can be interrupted and stopped at anytimc. 

Use contral by sequences or see the Guide for better movement and carol 
Appean when the Movement menu is accessed, reminds you that better movement 
conttols are available by consulting the manual. 

Wlth reganl to [variable uame] resolve counicts: 
Issued when the problem is overspecified and a confict arises. This happens when a 
dependen! variable is replaced by an independent variable, i.e. one JIIU input. You are 
forad to move between the highlighted cells until you delete one ofthem, by pressing 
<D> or the <delete> on the flashing (chosen) cell. 

Write to ("pm" for priuter, "cousole", or disk file uame): [default name) 
Appean 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 
thc printer (type in the letters pm), monitor (type in console), or disk file (any legal DOS 
file~). The spacebar may be used to accept the default value. 

xx = cul'ftlll variable, x2 = 1st argumeut in PRECEDING us. 

174 

Anncndii< 4· PLUMES wjndow PlffllGI and intemretatjoqs 

Provides definitions of xx and x2. 
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PROGRAM UDICHDBN - MAY 1994 VBRSION 2.7 

THIS IS AN UPDATBD VBRSION OF THE DJCHPLM PROGRAM DBVELOPED BY 
DR. LORIN R. DAVIS PROM THE ORIGINAL SINGLE PORT N>DEL DEVELOPBD 
BY ERIC HIRST. THB M>DBL WAS TUNEO 1'0 EXPERIMENTAL DATA BY 
DR. LANDIS ICANNBERG. 

IT CALCULATBS THB CHARACTERISTICS OF A LINE OF EQUALLY 
SPACED BUOYANT DISOlARGBS INTO A FLOWING STRATIFIED AMBIENT 
THE METHOD OF SOLtrl'ION INVOLVBS 7 ORDINARY DIFP'ERENTIAL EQUATIONS 
WHICH ARE l. CONSBRVATION OF MASS 2. CONSERVATIONS OF ENERGY 
3. CONSERVATION OF CONCENTRATION 4. DBNSITY DBFICIENCY 
5.6.7. M:>MBNTUM BQNS IN THB Z (AXIAL), K (VBRTICAL) J (HORIZONTAL 
ANO PARALLBL 1'0 AMBIENT CtJRRElfT DIRECTION) BQN 4 IS USED ONLY 
IN ALGBBRAIC PORM. THB SIX OTHBR EQUATIONS ARE WRITTBN POR 
A CONTROL VOLUMB WBICH IS FINITB IN A DIRECTION PBRPBNDICULAR 
TO THB JET ANO INFINITBSIMAL IN THB DIRECTION OF THB JET AXIS. 
OUTPUT IN THB ZONE OF FLOW BSTABLISHMBNT HAS BBEN SUPPRESSED. 

A SINGLE PORT DISCBARGB CAN BB M>DBLED BY SPACING THB PORTS WIDE 
APART SO MBRGING DOBS NOT OCCUR. 

THIS VBRSION IS INTBRACTIVB WITH THB TBRMIIIIAL ALLOWING POR 
MULTIPLE RUNS TO BB RUN 11HILE ONLY CHJUIGING 0NB VARIABLE. THIS IS 
MADB POSSIBLB BY SBTTING '1118 FIRST OPTION VARIABLE 0N THB SBCOND 
LINE OF INPUT TO A NOMBBR DIFFBRBNT FR<»I ZERO 

THB INPUT TO UDKHDEN IS IN THB PO~T OF A "UNIVBRSAL DATA FILE" 
THAT IS GENBRATBD BY THB EPA "PLUMBS• INFBRFACB VBRSION 3 

'lWO COPIES OF THB PROGRAM ARB PROVIDBD. IF ADDITIONAL DISICS ARE 
REQUIRED, CONTACT DR. LORIN R. DAVIS, 

440 NW. 34th, CORVALLIS, OREGON 97330, (503) 737-7017 

TO RUN THB PROGRAM, GENBRATB AN INPUT FILE POR ONE OR M>RB RUNS 
AS OUTLINBD BBLOW ANO STORE IT ON A DISK WITH PLBNTY OF FREE SPACB. 

TYPB UDJCH2_7 (OR UDJCH2_6) <RETURN>. THB SYSTBM WITH RBSPOND WI'111 
"ENTBR FILENAMB POR INPUT>". TYPB X:FILBNAMB.BXT <RBTURN> WHBRE 
FILBNAMB.BXT IS THB NAMB WITH BXTBNSION OF YOUR INPUT FILE. WHBRB X 
IS THB DRIVB WHERE YOUR FILE IS SAVBD. THB SYSTBM WILL RBSPOND WITH 
"BNTBR FILBNAMB POR OUTPt1T>". IF YOU 'lfISH THE 0trrPUT TO BB DIRECTED 
TO THB TERMINAL SCRBEN, TYPB CON. 

IF YOU WANT TO SAVB THB OUTPtrl' ON A DISK FILE, TYPB X:FILBNAMB2.BXT 
WHERE FILBNAMB2. BXT IS THB NAMB ANO EXTBNSION YOU WISH YOUR 
OUTPUT FILE 1'0 HAVB. FILBNAMB2 MUST BE A NBW FILE ANO 
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CAN NOT ALRBADY BXIST ON THB DISK. IF IT DOBS, 
MBSSAGB. 

YOU WILL GBT AN BRROR 

***** INPUT RBQOtRBMBNTS ***** 

INPUT IS GBNBRATBD BY USING THB BPA "PLUMBS• INTBRFACB VBRSION 3 ANO 
CRBATING A udf.in FILB. THIS IS DONB IN •PLUMBS I BY PRBSSING "Y (CONTROL 
Y) ANO SBLBC'l'DIG THB u OPTION, CRBATB UDF FILB. THBN ANSWBR WRITB WHBN 
YOU GBT A PRCMPT. NOTB THAT PLtBIBS APPBNDS THB NBW CASB TO ANY 
BXISTING CASBS ALRBADY IN THB udf.in FILB. THIS ALLOWS YOU TO STACK 
SBVBRAL RUNS MCK TO BACK ANO RUH THBM ALL AT ONCB WITH udkh. 
OTHBRWISB YOU IEST DBLBTB ALL PRBVIOUS CASBS BBPORB RUNNING. I 
USUALLY RBNAMB MY udf FILB BACB TIMB TO THB SITB CASE BEING STUDIBD 
SO THAT THB udf FILE ONLY CONTAINS THB LAST CASE. 

YOU CAN MlUCB IELTIPLE RUNS USING THB SAMB AMBIBNT INPUT TABLB BY 
CHANGING THE FIRST OPTION FLAG 01!1' LINB TWO OF THB INPUT TO A NUMBBR 
DIFFBRBNT FR<»I ZERO. IF YOU DO, THB PROGRAM WILL ASK YOU AT THE BND 
OF A GIVBN CASB IF YOU WANT TO CIIANGE ANY OF THB DISCBARGE 
VARIABLES. YOO CAN SELECT WHICB ONB YOU WANT TO CHANGE, CBANGE IT, 
ANO GIVB THE CASE A NBW TITLE, THBl!I' RE-RON. 

A SUBROUTINB CIIBCKS LIMITS OF PORT DEPTH (GRBATBR THAN O. ANO LBSS THAN OR 
EQUAL TO PROFILB DEP'lll), DISCHARGE ANGLB (BQUAL TO OR GRBATBR THAN -5 BUT 
LBSS THAN OR BQUAL TO 130 DBG (C<»IPUTATIONAL PROBLBMS WOULD OCCUR WITH 
LARGB DISCHABGB ANGLBS, 
PROGRAM WOULD BXIT) . 

I.B. SQOARB ROOT OF A NBGATIVB NUMBBR, ANO 

ANY CURJIBNT ANGLE IN THB RANGB OF O TO 180 IS OIC, BUT POR ANGLBS 
GRBATBR THAN 90 DBG THB PROGRAM SBTS THB CURRBNT ANGLE (HANG) EQUAL TO THB 
SUPPLBMBNTARY ANGLB. POR MULTI PORT DIFFUSBRS HANG, BETWBBN 45 ANO 135 IS 
RECOMMBNDBD POR ACCURACY OF PRBDICTIONS. 

IT CHECKS TO SBB THAT THB EFFLUBNT DBNSITY IS BQUAL TO OR LBSS THAN THE 
AMBIBNT DBNSITT AND THAT THBRB ARB AMBIBNT PROFILE VALUBS POR THE SURFACB, 
I.E. DP(1)s0. IF INTBR=1, THE PORT DEPTH, ANGLBS ANO EFFLUBNT DBNSITY CAN 
BE CORRBCTBD DITBRACTIVBLY BUT StJRFACB DATA CORRBCTION MUST BE ~E TO THB 
DATA SBT(S) Am> RBENTBRBD. IF INTBR•O, ALL CORRBCTION MUST BE MN>B TO THB 
DATA SBT(S) Am> RBBNTBRBD. 
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***** Otn'POT PORMAT ****** 

THBRB ARB TWO VBRSIONS OF OUTPOT. UDltR2 7 HAS OUTPUT FORMATTBD SO 
IT lfILL FIT 0N A 8-1/2 INCB PAGE BUT IT DOES NOT PRINT OUT THE LOCAL FLOW 
ANGLBS AND BXPOSURB TIME. UDKH2_6 GIVBS COMPLBTB OUTPUT AS 
DBSCRIBBD BBLOW BUT IT WILL NOT FIT ON A 8-1/2 PAGB UNLBSS A SMALL FONT 
IS USBD. I USUALLY USB A COORIBR 9 PT PONT OR COMPRBSSBD H:>DB 
DBPBNDING ON THB PRINTBR. 

TRB PROGRAM BCBOS THB INPUT VARIABLBS THBN CALCULATBS TRB DISCRARGB 
FROUDB NOMBBR ANO PORT TO DIAMBTBR SPACING. IT THBN GOBS INTO A 
SOPHISTICATBD ROUTINB THAT c:iu.c:m:.ATBS THB CBARACTBRISTICS OF TRB PLUMB 
IN THB ZONB OF FLOW ESTABLISBMBNT NBAR THB SOURCB ANO PRINTS OUT THB 
LBNGTH OF THB DBVBLOP.MBNT ZONB OR STARTING LBNGTH. THIS USOALLY TAlCBS 
S<»m TIMB DBPBNDING ON THB CCMPUTBR. THBN POR BACH INTBGRATION STBP IT 
PRINTS OUT 
THB POLLOWING: 

X 
y 

z 

CROSS CURRBNT DISTANCB 
- DOWN CURRBNT DISTANCB 
- VERTICAL DISTA!ICB FRCH SOURCB 

THBSB THRBB COORDINATBS GIVB THB THRBB 
DIMBNSIONAL TRAJBCTORY OF THB CBNTBRLINB OF THB 
RBFBRBNCB PLOMB 

-

TH1 

TH2 

IS THB LOCAL PLUMB FLOW DIRBCTION RBLATIVB TO THB 
CURRBNT lfITH 90 DBGRBBS BBING IN THB DIRBCTION OF THB 
CURRBNT. 
IS THB LOCAL PLUMB FLOW DIRBCTION RBLATIVB TO THB 
HORIZONTAL WITH 90 DBGRBBS BBING VERTICAL. 

WIDTH OR DIAM- IS THB DIAMBTBR OF A SINGLB PLUMB OR SIDE WIDTH OF 
MBRGBD PLUMBS (NOT LBNGTH SINCB THAT DBPBNDS ON THB 
LBNGTH OF THB DIFFOSBR) 

DUCL, DRHO, DCCL, ANO DTCL ALL RBFER TO THB RATIO OF THB LOCAL 
DIFFBRBNCB BBTWBBN THB LOCAL CBNTBRLINB VALUB ANO 
AMBIBNT VALUB TO '111AT SAMB DIFFBRBNCB AT DISCHARGE POR 
VBLOCITY, DBNSITY, CONCBNTRATION, ANO TBMPBRATURB 
RBSPBCTIVBLY. POR BXAMPLB DUCL - (Ucl - Ua) AT 
BLBVATION z DIVIDBD BY (Ujet - ua) AT DISCHARGB 
ELBVATION WHBRB u IS VBLOCITY, el IS CBNTBRLINB, a IS 
AMBIBNT, ANO jet IS THE DISCBARGB VALUB. 

TIMB IS THB TIMB OF TRAVBL FRCH THE DISCHARGB TO THIS POINT. 
DILUTION - IS THB LOCAL AVBRJIGB PLUMB DILUTION, 1.0 BBING NO 
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DILUTION AT ALL. 

THB PROGRAM PRINTS OUT WHBN THB PLUMBS JUST BBGIN TO MBRGB, WHBN ANO IP 
THB PLUMB RDCJIBS AN BQUILIBRilJM HBIGHT IN A STRATIPIBD AMBIBNT (DRHO 
BECOMBS NBGATIVB AT '111IS POINT), ANO IP THB PLUMB RBAC!IBS THB SURPACB. THB 
PROGRAM STOPS ONCB THB PLUMB RBACHBS THB SURPACB SINCB 'l'HB K>DBL IS NOT 
GOOD BBYOND THAT POINT. 

IP THB PLUMB RBACHBD A TRAPPING LBVBL, IT IS PRINTBD OUT ALONG WITH THB 
DILUTION AT THAT POINT. 

IP YOU IlllDICATBD IN THB INPUT PILB THAT YOU WANTBD AN INTBRACTIVE RUN, 
THB PROGRAM WILL PROMPT YOU POR NBW INPUT VALUBS ANO RON TITLBS. IP NOT, 
THB PROGRAM WILL GO TO THB NBXT DATA SBT IN THB INPUT PILB IP THBRB IS 
ONB. 

• • • 

10. AN ANAL YSIS OF DEEP SUBMERGED MULTIPLE­
PORT BUOY ANT DISCHARGES 
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L. D. Kanrib«g 

L. R. Davls ---· 
An Analysis of Deep Submerged 
Muftiple-Port Buoyant Discharges 

----- 7Tw ,._,. o{ an np,ri,ne,atal muly of dttp a,bmnrrd ,,...11ipk-port thffmol di,. 
~•-•ompondtothepr,didionlofath,wytr,atúqth•dilutiono{mfflÍnl/nudli• 
pk.port 6aoyant id.o • .,_,.,,_ a,_ o/ -1/y ,,-.d port,. Tl,e ,,,,,_ ......,... 
ri<n tlw con,úlcrabk •lt-o/ 1M Hir,t {I/J - ........,ry to ad,qmu/y tr<at 
......,;,..-itipk jcu. n..,-,;,,¡ ¡..,,_ of the a...i.,.;, an: (/) the .,...,.,., ,,.,... 
IÚ>a o/ dw profiJa ,,_ ,in,pk a,i,ynu,wtri< p,a(iles lo m<'7ling pro{ik, ond {inally to 
fuJJy-.,d, _......,, ,--..,;ona1 p,ofi/n, ond 12) an ,ntrainnu,nt '-'don 1M 
ouailabk entrainnwnt au/att. Raulu indü:ot~ that tite owrprediction o/ plu~ chorec­
tavtic:s aaocíated wifh urtoús olltn lftOÜÚ a compa,w/. to e:r~rimental data may he 
OOfl'COIM' airt1 .-uda en on.J,..;. tUltl tlact auito.bk pretlidion may be obtainftl. 

lntncluctioa 

h is p...dict,d lhat the futwe energy ,_ of dúo cooatry will be 
met primarily by audea,. and foosil-fueled electric -tinc Ita· 
tiola. Sinn, theer plan&.a att for the nK.i part 35-40 pen:ent ther­
moobnan,i<ally eft"icient. a comiderable _,.,t ofllle-.r¡y will be 
releaed u v.·ut-e llnL With lhil mapitud.olw..ae heall.the effedl 
of.,.. thermal dácha,... to the enviroftamt become ■ lesitim■t.. 
conarn. Reculltinc a,encies have cleveloped apeciítcaliona oon­
CfflNIIII ambient tempenluN' and dilution. nquiremenla for the re­
a:iom ~•r thr waaae-heat diKfaarcea. lt is_ therefore . ......,ry for 
th• lltiJil)' (or otheor appropriac• induatriest to dNipt Hd conatruct 
dil<CMrJe •r•tea• •·hicb. mfft dilution requiremeata ad are coat 
eífectift. On, c1eoicn whi<h h■a been ■c1.....i to.- tbeN plo 
is ta.e multiport cliffuaer. This paper preeeau a multiport dilcharge 
- .... ntJy ..i.-o.d and ...... .,...the pndic:tlono aflllia method 
lo U... of other modelo ■ne! lo Hperimeld■I d■t■. 

Tloo plu,... r,_ au.,_.rred multiport cliacharps ,_ be divided 
into mtinct flow 1e1ions t"hllf'IIC'telued by their ftlocity and tem­
pe,...,. profift. Near tJw sourn, is the - oí f1ow ellablishment 
wt.e.. the "top h■t" pmlil,,o ol e■ch disch■,p chane• lo puai■n­
ohapod profil,o. Ja 11,,...,. of .... bliohed-, o-.,.-. ntm■in 
....-. chanp,cm,Jyin _,.;tude. lnthe-sinsmne.-aingle 
pi- slowly _. into on, another í«ainc ■ lonc paeudo-slot 
pluar. This mel"plll recion can occur anywllere aJona tbe trajectory 
or,-plume,d,pmdincupon ■mbient-.and tlieiniti■l r-t 
,_... lf the pi,-,_¡, the r,.. ...-, then is •■dditional 
...,,_ transition--they c:i..e lodriftmc,__ pi..._, 

c..ributo4 by __ ,.,_,.,. o;.;,¡....,¡.,_...¡ ...... w-..... 
A.-M..ti..,,NowYo,t.N. \' .. n....i,,,5-Nl,19'111...__ 
by .... llNt TralllÍft'DiVÍlilmF.._ry IS.. Jffl.Pape,No. 71,-WA/HT-19. 
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Sinoe it--lo im ........ tlieeffecta of merrinc, in tlúo paper 
the plumo ia eonaidentd uaconflned ■ne! attention is focu,ed on 11,e 

zone of eatabliahod flow ■nd the -sine zone. 

HistA>rlcal Bacqroaad 
Mcat of the ■n■lysi• performed lo d■t.. hu de■lt with either the 

ain¡le rounc:1 jet or the aincle aJot jet. both of which were IUCCeUf'ully 
treated by two-dimenaional integnl anal}'lel with the aNiltance ol 
limilarity aaumptions. Only receatly ha,-e attempta been nwle to 
treat dieclwpa in wha limilarity is not pouible uain, numerical 
methodsITlentand Welty (1), 1 Sheu (2(). 

Effcwta lo ntend bey,,nd the 1incle port outfall or the alot jet bave 
ootboendlnded-..d...i.linctheme,.ingproceooof....,...Jeu 
but nother lo ■cl■pting the BOlutÍCIIII of the single rvund jet ■nd the 
alot jet lo p,ie predictÍCIIII for the multiple jet c:■ae. The two not■bl■ 
-b in dúo reprd att thooe of Koh and F.., )3) ■nd Jirk■ ■nd 
H■rlem■n )4). Koh ■nd F.., simul■ted the multiple buoy..,t dia­
chargea a lÍalle jeta until certain mer¡ing criteria were met and then 
lhifted aimulat.ioa to thf slof. analysis. Transition occurrecl when ~ 
entrain...,,.. for both .-~ equal or ,.-1,en ll,e width of the n,und 
jets equaled the-epacinc brtween thr jet.a. Jirka and Harleman aug­
patel 11,et the noultipl, n,und jet diacharres could be - - • alot 
jet prorided <ert■in adj,atmenta were m■de in the para-• 
Kribinc 11,e p1,__ F,. their "equiv■lent alot" method, the Ame 

discbarpper unitdirr,... length and 11,e aame momentum n ... per 
unit lencth • the muh.iport ditcharp il required. This resulta in a 
theonüc■I alot of wicllh. B • D3r/4L where D ■nd L ■re llle ■du■I 
port di■meter ■nd 1P■<U11r bet- porta. 
~-bave boenperformed byJi,b and H■rlem■n 

1 Naaben ia hnicketa...,_.e ~ .i endefpaper. 

TraMaCtl- of the ASME 
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14),Koh,et■Ll&l.~'11.'--"181,1._ ■ndY■-19),■nd 
K■Mberr ■nd ll■vis 151- With tlie Hception of Kannbeq¡ ■ne! ll■vis 
151 ■nd K■nalaN¡ )IOJ.•aftlieaeltudies inwolvecl dilcborpa lh■t 
_,, aitber Ílllo .-fiaad ambienta or from diff...,. thet did not 
- • .,..,_.,...._porta. Tha. little-tb■aboen 
tloneon the-of ~nc cm dilution ■nd trajecloty. 

Tlle Me,siac.iet Medel 
Hint )11, lt) _... an ucellent ....i,.i1 of the single port 

discbarp. He tleweloped tbe uisymmetric equations of onotion ■nd 
-.yfromtlie N■vier-Stoketand en,rgytr■nspart equ■tiona. He 
~the~-.,üon. bounduy.J■yer•-im■tiona, 
.... &:brt -· rua,turbulent. ll■■dy, ■ad 1nmm.,._¡ble Oow 
eonaider■tiolll 1o m■b t1ie equations tr■cl■ble. By ■-uninc ■x· 
iaymmetry ■nd inlep■\iaoc in llle radial dir<ction the equ■tiona m■y 
be ntduced lo tl,e fon-i■s fonn: 
Conli,u,ity 

d s.• - 'íirtlr • -lim (rL') • E ,u • ,_ 
(1) 

EJW'1lY 

d s.• d'f s.• -- ü('f-7'.lnl,••---= ünlr-lim(n,'T') (2) 
fÜO d•O r. 

,_,,tuna 

"s.· - ii2rdr•U.Eál1 oosl2 
dt o 

+ s.• gd(f-'f.)rdrainS,- fi_~ (ru'v') (3) 

CwvaturrftlU'llion.a 

dO, • lt s.• )ll('f - 'f. )rdr ros o, - El'. sin 0 1 sin o,J/q 
d, • 

■ne! 

d•1 EU- cosB1 --,..----
• i¡eo5ll2 

(5) - f. • E' -q • ftlrdr - - - lim ¡,·!t,' 2 ) 
(\ 4 ,--

(6) 

Tbe "-.rious temu in dM!te equations are defirwd in the Nomenclature. 

• • 

The equ■-have beea dMded by b ■ne! lha apec:iflc heat where 
appropriat.e. The curvaltlre equalions are formed from appropriate 
combinaüoaa ol the OOIDpOOMt IDOfflelltum equationa.. Fic. 1 mua­
trata llle-"in■i...,..m- ■nddef'meal1 and 1,. The intepals 
in ,_ equ■aiona can be IMily evalu■t.ed G11CO auit■ble velocity ■ne! 
1emper■t.w,epoofileo--Mmt,-rchera-ploy1--■n 
preli)ea; i-r, for tiña -ir the 312 _., proliles auc:aufully 
employed byStolzenb■dl )13) _.. found lo be more coa..,.,ient since 
they have adefined edp. 

In the ■oneof eat■bliabad llow,amymmetric prolileaof t..mpera­
bue ■ne! veladty an,--.d lo be 

u•~+ U.eo18,lin81 

where 

Au • ~ (1 -(¡)"')' 
■nd 

.1r-.1r,(1-(D"')' 
where: b is the full half-wid:th o( the plume. Tbe&e profiles are very 

X 

•2 

~~ •Z 
Ftg.1 ____ .,_,,,, 

___ _,N .. menclature.--------------------------------
A• art-a 
a • entrainlllf',nl coefrtafflt 
•o.1.i .. _ • enlrainment cneffirient111 
B • a1ot plume disGharp point wid1 h 
b • 3/2 J)<>Wer ¡,rofile plam• half width 
Co • dnccoe-ffacient 
D•portd_,. 
E • enlninawnl 
F • Froude number • U,,/t:it,/,o11/ll'" 
F11 • drag foru 
F, • loc■I Froude number 
/•ti-•-.dq-y 
r - fiuctuatinc quantity 
G l.2,.3,A • flm quantities ia the mnt' of si~e 

plwneflow 
l • cravitaüoaal forc:r {without bar-the 

gr■vitat.ioa■I _, 
H1.2.M • flux quantilies in the mergini .,_ 
lt1.u • íncomplrte i...,_11 defirtf'd in the 

merrinc-

Joumal ot Heat Transfer 

L • distance between ports 
N 1 2 .. , • normal terma. employed in lhe drag 

Íorce relation 

\ • • \.-ertical cuordinate and height a hove 
pon, 

¡¡ • deítned in the text 
R • towiftl' ratio• U./Uo 
r "" plume radiua and radial coordinate 
S,11 • diatance •lona center line and center-

line cuurdinate 
T • lNDperature 
T _ E uabient temperature 
T, • c:enter-li• temperature 
.1T, • (T, -T.) 
llo • r-t diad,■rp veloc:ity 
{! _ • ambieot velocity 
u • velocity in the S-direction 
u(" • center-líne velocity in the S--ditection 
ju<• {Ur - U. coa 9r•in 01) 
,, • velocity in radial, r-direction 
w - pi- width 

X • horizontal _..._... dÍltallce ■nd 

coon:li•te 

Z • trarul.\'f'ne coordinate along line oí 
pon, 

ff - fllf'LqJre nf merginc - Llb 
d • corffK"if'nl ol thermal es:pansion 
f • mer¡ing oomdinate alonR: line of jet center 

linn 
, • lllffJin+? aaordinate perpendicular to the 

s-rolane 
Oi and O • ande of plume c:enler line to the 

X·Z pl■ne 
01 • •nile oí projection of the plume center 

line on thf' plufflt' amt.er line on the X-Z 
plane from the Z-a:1is 

,, - densit\' 
4p - (p- ~-• 
,,. • dischar,e density 
P• • ambif'nt deNity 
♦ • circumferential plume coordinate 
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• • 
oimilar in ...... toC•uui•n ....,-,_ i.,, their defined edp llDII lho 
-..nption .,_ wlac:ity and lemperalare are lhe ume siw a deranite 
point ÍOf' IMISÚII calculationa lo ...._ With thne relaüona the in­
t.ecrala may hr- n-aluated and the lalk.win, diffennt.ial equations 
oblainecl: 

Continuity .¡ mcu 

!!_G 1 •E 
da 

Entrty 

~G,• _dT.G
1 d, d, 

••mflmf'n/11• 

!!.._G:t • f:U .. ainl1 cm'7 + G41: sin 62 
d, 

C'urt'Olurrrquati,,n1' 

and 

~-1:u. ce•••/[ (c>-7) ros'2] 

d,. / E') --=•t-f:l! .. i.infl2sinlt+.fm&'iG4) (G3-­
~ 4 

•·htre G, Ma.me d1t- indepenclent \wiabln, defined u 

b' 
C1 ""0.JW,i.l&t,.b:! + 2U. eo&l2 sin 11 

m 

(81 

(91 

001 

(11) 

021 

. G2 = 0.O&o.58~,...\T,.b2 - 0.12857b 2.lT,.U. cos '2:a.in 11 03) 

G:1 • 0.066';W.lu, !62 + 0.25iUb,:.l&trU. cos lf2sinl1 

b' 
+-;-U.2cos21,1in2f1 (J.f) 

G4 ""O.J28.l:,7b~.1T, 05) 

The ambinl 1urbult-nce terms ha,-e ban omitted rrom this presen­
latiun for br.ri1y. but they are in..-luded in the computer procram Cor 
use when idormation is available. 11.equantities G¡ (i • 1,2,3,4) are 
the local ._ nu.. en.riy flux. momu:tum nux. and density defi­
cieney. rt'lprfeti\'Ñy, dividrd by 2r ad apecific heat where appn>­
priale. The ..._ o( G, can be oblaiaod by llepwge integr•tion a( 

equations fi)-0 U mine • Runp-1<.tta or Hammirc Predictor­
Coned« - """'• ~-t runction, E, il oblained. 
The 1ubr,eqwm calculation o( tht- cmter-line temperature and ve­
locity and • pluae width ia ... Hen:iae in aolvina three equatioaa 
in three un..._..._ The initial condiüona fDI' theee calcua.Uona can 
be oblained fnNn...,. or n- .... blilllment c:alc:ulatiom limilar to 
thooe p,_ by Hirst ( 12( uoia, the •ppropriale 3/2 powe, pro­
files. 

The c:aia.ion mntinue■ in the- (1) direction until the 
width al lho ...,_ il equal to the tpaeia, betweea the jeta. At thil 
point lhe jeta~ to merp •mi the proliles are no loapr UÍl)'ln· 

metric. For • purpoaes of smootla taanaition anda continuoua 1o-­

lutioa a( the ttilro,•tlli•I equat.,... .,.._n lho zone o( eotablilbecl 
n- •mi tho-af me,.;.,, the profileaemployad ror .... mersinc 
rrJion should ha,-. the followü,J qualitie■: 

1 The pn,liles should be - i11 ali directiona. 
2 The..,_lllouldbezeroa1r-o.,-o,am1 r-ui.,-oc­

F;g. 21. 
3 When .. phanee just boain to ae,ge they should relain their 

1ia,le-p1,-..-_ 
4 The pn,files should be the ■uperpooition ol lhe 1ia,le-pl.­

....,-o1es l..._applicablel with aopoial allowed toneeed cent«-line 
p_,iiea. 

6 The ....,_ ..... Id mailllein .. characteristi<S ol oimilar 
profiln in •. 

Wilh the......,. conoidentioM, lho foll-;a, proíoles ue -
•umed in t ... 'IOIWel me,cinc: 
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~~·,.-~~~•'WMr'itt '):p¡,¡·~ { "'$ m,;~;,,1,n,i,iO:s1ctrflt-''l#,~",:ie:1füW ~~:,,,;,;,..,s,~~-:.0~~-

• • 

• • 
1 M[RCIIIG J[TS . 

0ffi 
1-- l l --, 

flt.2 ___ ...... __ _ 

u•.lu+U.a-'2ainl1 

.\u - .\u, [ 1 - crT 
.lu¡-= .l.u,. [ l - ([)

312]2 for OS! S L -b 

.\u,• .111,[ (1 -(f)"')' + (1-t~ ~"')'] 

•t 

for L-b:Sí:SL/2 

.l.T• .l.Tr[ 1-(;)"']' 

.l.Tr• .l.T, [ 1 -(ff''T ror 0:S r:s L -b 

.l.Tr• :.T, [ (1 - (!t')' + (1 - (L ~ ~''')2] 
ro, L-b:5(:SL/2 

where 

c'•b'-1" 

After~r• .lu:, att• L/2.thenitiaU1UJDedthatAur• A.u., forall 
f. Tbr aame is uaumecl íDI' temperature. 111eoretically. before Aur 
• ~ at ( • L/2. b > L implyia, lhat there are lhree plWDM me,¡inc 
- oltwo. The mnlribution olnonadjacent plumes il conoidend 
minor and ia ne,lected in the analyaia. Thia ia conaistent with other 
fiuid dymmic aaumptiono. 

With lha proflles dac:ribed, lbe 10,-.rainc relation■ may be written 
ur.U.... 

Tbe continuity equation becomea 

~[!;f f.udA] 

d [2 f.LII f.' ] •;¡; ; 
0 0 

(..\u+U.001l1ainl1)d,,df 

•!!._H,•E (161 
da 

where 

090 b1 
H1 • ~•.\u,J,1(a) +- U. coo ,.lin l 1h2(a) ,, ,, 

a•L/b 

h,la) • J._,, vi=i' U - x"'ldx 

(17) 

+ J.: vi=i' (1 - (a - xl.,.)' dx (18) 

•mi 

Transactlons of the ASME 

11,(a) • 2 J."" ~x• 

-iv1 -(ir +ain-• m (19) 

Aft.er 4ur • 4u, •• t • L/2,oaeoblaina. 

b' 
H1 • ~0.4Muc ♦ U.coa '2 sin 11 ltz(a) (20) 

Fo, the enel'I)' equation. 

!!._ [..!. f r u.l.TdA] • !!._ [! .f.L/2 f.' (.l.u 
d$ 2..- JA d, • o o 

. ] d dT-+ U.cool,11Dl1l.l.T,d,,dt ~ -H, • --H, (211 
d, d• 

where. 

H, • O.S3ll6 b2.l.T,.\u.h•l•I ,, 
O.JIO . +7b2.lTl'U.cosl9211nf1h1(a) (22) 

h3,(a) • v"f'=xl U - ;r'%)4 d,_ + ,~ .f. •12 s.•12 

·-• 
• (U - x"'I' (1 - (a - xl"'I' + (1 - (a - x>"'l')dx (23) 

WitJ, lhe given proflle descriptian, .\ur approadies .\u, at ( • L/2 to 
thesamedegreethat.lTraP..-ches.lTc. Hence.when il.Tc• .).Te, 

.:Wr • 4uc, and one obtains 

b' H, • -;:.T, (0.31558.llr,, + 0.45U.cool,1inl,lh,(a) (24) 

The •-momentum equation tales the following fonn íor the zone oí 
merging; 

!!...[..!.f ru'dA] 
d, 2• JA 

d [2 f.LII f.' ] •~ ; 
0 0 

(.&u+U.C'Olfisinl1)2d.,clí 

• f H3 • EU. tal2sinl1 + H41 ainl2 

where 

Ha• ~b14u,h,lcr) +.!!b•~U. coo,.oinl1h1(cr) ,, ,, 
+ ;b'U. 2 coo• ,. oin2 l,h,lcr) (26) 

and 

H, • !:!b'IIAT.h,(a) ,, 

Afiar Aur • 41,,, 

b"h,(al . 
H1 •-,,-(0.3155Muc-2 ♦ Q-.9~,U. cosl111nl1 

•nd 

+ U'. car I, 1in1 ,., 

0.451>' H,•--¡!AT,h,(a) ,, 
For the zone o( merginc the mrvature equations are 

di, EU.coal, 

.- E') (Ha-, c:ool, 

and 

Journal of Heat TraMler 

(27) 

(28) 

(29) 

(30) 

• • 

di,• -EU. oin 1, oin 11 + H,1 .,.,. (31) 
da E' H,--¡ 

In lMN equatioM lho lena a • L/b repr-ta lho ...,._ o( 
mel'pll aiace for a • 2. the plumes are jUlt beginniDI to meqe •nd 
r«• • t ... 11i-•nDNrly-..,I.Therunctianah1(crl.l,,lcr). 
ami 11,lal a,e-.... in...,.i. in•. n-intapÜue natllllwd 
in cbN r- •• _,., but are readily oolwd mameric:ally. 

ThequutitielH• (i • 1, 2. 3. 4) are tbe wne uG, in the prewioua 
aectian. They,epraent the local maN ffuK.energyfluz. moaentum 
nux.-i delllitydeí~-A■ in lbe pn,,ioul--. the_.¡tiea 
~. AT,. ami b -heobleinecl from .-reJaliona bylOlvio&tluw 
equationl lilnultaneously. The initial conditiona for the aune vi 
mersm, .,. lhe filllll plume conditiona ol lhe mae of -­
n-. 

The proper PJlll'lffllÍ"I differential equationa hne now bee• de­
veloped •mi the iaitial ami bound•ry conditions ,pecified. The only 
element ftlUininc for closure ia the ent.núnnent. 

The Entnia_.t Fwaction 
Taylor (141 we the ítnt to suggest the formulation of an entnún­

ment function. and the use of characteri&t:ic values of t.he plume to 
describethilfulldion. Monon,etal. (151 heveemployed lhilainc,pt 

to dOfflop lho -ion 

E• ab.lur 

which forms the huis for a:I the entrainment functáons developed 
since. Numerous other researchen haw modifted thia nlation to 
obtain beUff apeement with the widely ,-aryin, discharp and am.­
bient conditic.- d,at affect the plume. S-. ha .. med the fint mo­
ment of the 1D01M11lum equation to determine the form el the en­
trainment functian. Any alteraüons to tbe entrainment function 
ahould be baed on the probable <haa,es in the mec:haai<s oC jet 
mixin, at diffeftllt dischu¡:e orientations and ambient coadit.iona. 

The entn.inment function employed íor this stody ia bued on tbe 
one propoeed by Hint with modifications for merginc effecta. 

For lho Zone of Eoteblillhed F1ow (befare mer¡ing). the entninment 
(forl1 •90")i■ expresNClu 

E• (01 +~) 

X [b(u, - U. co■ I,( (1 -1) + a,U.b oin .. ] (32) 

and ro, 7.one oC Mer¡ia,, 11 is npnued • 

~ .. .,. .. 
1 

---- 8-

~ f' DATA 

~o--.... 

~•o 

PllESOO Oo ....... , 

~ 

MODO. 

g 11 o ., o 

ami 1 , 1 , , , 1 t , , , , 1 

1 10 ltlO 
tl)RIZOOAl DISTANCE XID 

.... , --------­,-ua-u.•-··, ...... , •• 
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~,¡.i,;..,_,_,,w,s,,oa&~~~-,o),,.,;,',/.o{., 

• • • • • • 

E•(•• +i;) [ bl"c - U. a.'2( (1 -i) 

x(1-;a.a- 1 ~)+a2u.¡ain'2] (33) 

The cue«acienta, a 1• a,, •nd a 3 ■re aimilar &o thoae UMd by Hint. a, 
accoun1a for reduced entrainment due lo plume competiüon. The 
Lerm fl - 2/r a•- 1 L/21,) is the-entr■iniacaurfaceduriac mersinc. 

Reealas 

Tlw .._ .. , c,ode employed-qinolly tllOt oíthe Hirst IIIOdel. 
fo:xt..naiwreviaionoft.Mcodewaperfcwllledinurdertoaocarnmodate 
lhe di«e..nt prolilos and 11,. meqcinc .,,._ Thec,ode-then .....t 
in the- pt"eant study by tuninc the entrainme-nt coeff'lcieacsso that 
prediction. t)t'r.t rruuched exPffimen&al data. The calculaüoa& •-ere 
r11rrie-d oot on ■n IHM 370/158 compute, operated by Optimum 
S)'sten.. lnc., Set.he.da, M■rylancl. The caefl"teiem& were delermintd 
by AICCIWiYely aimulatin, mc,tt, cwnplex d.charp cunditioaaltart.inc 
"'ilh &in¡le momentum je-t data witbout current.,, pru«re.ins &o mul­
tiple buo),.nt merging plumn with currenL 

O.ta larthis tuninc prottu wetttaken rrom fl0, 15-17(.ln ruru,_ 
1 M model for ~in,le buoyant plumK. it waa found that the best '"-'Mall 
fit rould he- ohtained with a 1 • 0.05, a 2 • O.O, ■nd a:1 • 11.5. Better 
fit to• panicular ca.~ could he obtained by adjustinc the9e COftf"lcirnts 
for each t)~ of flow, but this pmcedure reduces Lhe renerality uf the 
model. In t.ryin,g to model the muhiple-portd■ta for ■mhftt 0ow uf 
Kannhf'r,: (IOJ, il was found that eood acnement could not bt ob­
tained íor hoth trajec-tory ■nd dilution by adjustinga:, ■Jone. p■rtic­
ularly for rioser port apacifll:$. lt 111.-.s found that a drag force tenn had 
to be induded in the momentum equation before utiafactGry agree­
ment couJd be obtained. The drag force wasaaunaed to be• function 
of plume aize, spacing, and ambient current dynamic head. For the 
unmeJ"INI plume thia ga,re 

h b U' 
Fv•Co-(-)-=-N 

r L 2 
for the merging plume 

111.·here 

and 

LU. 2 
Ft,•Co--N 

r 2 

N • v,V12 +N22 +Ns2 

Thia pve • zero drq ÍOl'ft h IÍllpe ...._. ud • .. simum drq 
fon;e for clo.ely spaced melliple ,..__ 

With this drq force •ndooded•---t-ob­
tained with a,• 0.2 and Co •2. ...... theeffod -m-, botter 
■creementwaobtainecl r.•- UJUewahlelBNtO.l ifCowain­
cruaed 1o 3.0, and reducod lo 1.e • .,._ fo, lt • C1.5. 

Thefollowincr_,,_ ... ..,....,........__~ 
to111ulliportcla1euoincthe _ _,_,,.IÍ"qthebeat.....r1 
■-reemenL Fic. 3 ia a plot ole- te.pn,atme ratio Yel'IUI bori­
..,.taJ diltance for vertical ~ialoaa...CUl'nllll wi&JIR • 0.1. 

"'1 DATA l'flE!INI 7 
REF. 10 M0110. 

~ 11 ..... 
o 

o 
--,rss o 
! ) LID•ts 

o/. □---cr--□-------------¡; 

" = 20 ; -¡_;, ... 
••a.50 

~-B=8=8:o--_::s::...--__ - __ --_=--=-=--=--

º' 1 1 1 1 1 
D 20 «I a • lQ) 

HOllllJ!iffil. IISJAIG. )(ID 

Fig.S Comparieonormodel....._...,..,._ ... ..._..,UO•U• 
F-= 11..aSS.R • 0.10Md1.51 

LO 
LID• 10 

•• D :;; 
~. 11 

:;; R • O 

111 

i a.t 

( 
"' g 
~ • lQ) 

ClaalllEIISTAIIIC[ SID 

N 1 • eo&2 9, sin 8 1 cos 81 

N2 • ain2 O,+ eo12 8,cca2 81 

N, • sin 9:ec. O-,t1in81 

,.._, __ ., ___ .., __ _ 
............. Clat■ fWUD• tt.•• ...... F• 11 

LO 

f l/D•tS .,. 
•• ,o .. ..,, R s Q.50 .. 

~ 
Ql i 
f 

DATA 

"' ~ 
~ 11 o g SS o 

am• , , r , , , ,r , r , , , , 1 
1 ID IQ) 

HORIZONTAi. DISTAIIC( X/D ..... -....- .. _____ _ 
torUO• U.R • I.S.andl• to 
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~ .. ..,, .. 
111 
i: 

LDr-----------..:_, 

!OUIVALOO SUII -
~ G.l ¡ 
"' ~ g 

L/0• 10 

•. D 

f • 55 

R • O 

O.OI' t t I • • 11( 1 1 1 e 11 ,f 
1 • lQ) 

C811111.IIIUISTMICl 518 l'lg.7 __ ., ___ ., __ _ 

• .,.,........ ...... uo--. ......... ,.u 

Tr-.c:t1ons of lhe ASUE 

Tbe port_.,inc ia2.5dia;-._d ......... ,,_ __,.al 
theorde<oíJOan,IIOare.-. Tbedotapcuta_tloe_n 
oltheeapori....-•ulti_dMa.,-,nnfemace(!Oj. Tbe 
6-arepnclicled-rn.tlleaoclel.i-r;bodindlÍI-.F°'C-
4 preaenu similar iaform■tiea far•• 0.5. ,.._ ■IJ'IIIIIMlll ■-n &o 

be qui1e aood- Fíe-sis• plal oí..,_ tn,ioclaly ,_ tloe '-<>inc 
...._ Apin botlanperi-1 - ad raodel pnclidic,na.,.. 
- The-t ia""'7p,adfarthelaich---butnat 
- sood ,_ the &o.-current caea. 

l!s.,.. tem_re de..,. •'-tloe .,-. .... ,_ liae, ,JD,.,. 
.i-noaf'ic.6and7 forhoriaunlal--into•--bienl. 
for dischorie Froude numbenoí- lOud 611. 'l'lle--inc 
in thia «-e is 10 die. For cemparilen. t. e:r.perianul ..aues ol 
refen,nce (IOf are plotted alonc witla predidiom fna the Koh and 
Fantranoition model,theJirla ... -....-.... model. 
and the -,ging..tel deKribed lme. TbeKoh ad F•ud Jirlra 
and Harleman .-r. ,.1y.., ....... meatcoe11"1Cienu cleunnined 
for oinsle round ....i slot jm, ~wly. While it ia ~ble 1o 
change the entraiament roefficieataal ~ modela, it ....ad not be 
conaisteat with the natweal.-aodola, nar-W Nliable pre­
dictions be obtaiaed for ...,.,_ ,-t ~ '11,onf«,re the ea­
trainmeat coefflCÍfflta .._,..i ~t1oe ~ aud,on-uo,d 
in the other models. lt is seen 1ml the transitioD aoclel and the 
equivalentslot madel,alti-.hlffll!l_ble...,__llathower­
predict the--,,d dilut;..,,-the~ aodel- much 
betler. The finaltwoíigu..., Fic-8aad 9-~aad width 
rompariscms for borizontalmocb.wo inlo-tambieata, •-heft 
U..,pacing isapin JOdia. Tbe..,_ml,et-,,._;-r­
ancl merging model predictions ia ..... lo be•""')· aood ror both tra-

120 

r 
LID• .. 

1m •· o 
e R• G 
►• ¡ 
:;; .. 
¡; 

~ .. 
i f•!U 

f•MlD 

•·• 

--m ~ • • ~ m ~ ~ • • 
-IZIIIUI. DISTMCE. X10 ..... _., __ .. ____ _ 

,_UO•10,R•U,alNlf•l.lllr ...... ,,..._ ...... 

ii 
~ 
i 
ll! 
~ 

LID•lD 

•• D 

l• D 

l'll[SOj¡ --
,, ''''""' ''"'"º ''"""' l 18 IOO ·-

UNIOlK OISTANCt SIII 
1'11,.1 C..,.....Clt ............ el .. Ka-,F•......_ .... ------
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jectory and width wilhin the experimental Froude number ,...,. of 
reference llOf. 

Concluaion• 
Tbe model presented befe r.ucte55fully t,.ata \he merging ol adja­

cent ruuncl jeUI from • ,~- of rqually ,paced porta into ■ ~dot 
jet in a manner th■ t. is DKft continuoul than ol.her methods ■dvanced 
in rec:ent ye-ara. Use ofthtmode' pYft better ■creement withnper­
imental daia than other naodels considered. The model requires ■d­
ditional terms in the enttainment function lo accoont for ccmpetition 
of entraininc nuid and íor the reduction in the entrainment.,. oí 
lhe jet M merging pro,resses. Unforlunately, qreement wit.h a.a: 
flow data coold nut he obtained for multiple jets without the adclition 
of adra,: &enn and a corresporu:hn, additional cuefficient. The ..Juea 
of thnecoeffil'ient.a wette■tily de-1ermin~ by cc>mparingd■ta from 
proa:ruaivt'ly more rompler. flow ~ with model prediclionL 
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G.H. Jirb1 

1000 

STABLE 
NEAA-fl!LD 

li•nnlaaq:_. ha,·i,. addll"5S two inaJ"wtanl points in the desien 
,md •nalysir..imuhiplt!-•por1 diffuairl'II: (1) What bl the mechani!lm 
of jet rae,_.. and how to model il'? (2) What is thf. effect of jf't 
ffit'IJ:ÍftK flftdae Dlixinac capadt)· uf such diffmen? 

~ I » 11w 1-fral nM-rgirag t•f the individual jeu ffllllnal in¡ írom the .!!.. 
difJUK"r acmlta appe-ars lo ~ a romplicated Proceu. As the j(-t 8 000 

l•iundariet.....,oech 1:ach othe-r. the space for the ent.rainment Oow 
i:- limiltd hecattn the jt-t:.; lt-adin,c lo low p~re wnes •nd dynamK' 
.11.ltathrnent ~. The turbulent diffusiun c-harac:terU!-tics chanJ,!t" 

UlfSTABLE 
11.EAR-FIELO 

fmm an •Ul!!IDmetric shearin,: zone tu • two-dimensional ont-. 
Cletlrly.jet ilwifcral 11:(.·hniques, •·ith ti..ir assumptiong oí jtt similarity 
and h'.\,·drus&alic pn,,..<,urf' d ii-tribu1ion. ran describe this transition in !(~'d.)J 
an appru._.. fashion unly. Kann~rg and Da,;.• profile 5J)ecifi. 

cation in tlw tnnsit ion re~ion repn-sents a rrasonahle approach in 
this dirrrtiua.-d has ad,·ant~ over Koh and Fan's earlier mode-1. 
ina,.mlk"'h asil-.·oidt. ahrupt dtanges in thecenter line t.rmperature 
pttdiction. Q.stioru. howf>\•er, re-main as ta the choic:e of the en­
train.JMnl ca,ff'tcif'nt ''"'º· or t.hrtt-dimeneional valUf') and the ■s· 
Mimptiuns t4 • rurbult'nt Prandtl number uf unity. which is in con­
lradietiun weex.puimental obse-n-atiom on jets and plumes. The 
f)ft'Mure effed. en the mrrging procets camed by ambierrt currrnts 
is ~·e-n mtft lllifrK"Ult. The fonn drac assurnption, equation 134), 
pnipnsNI by• authors 1ttms a tenuous OIH' in view o( t.he com­
plico,ed -· Such model deíláencies, h--.r. could be oor­
rectrd thr~ the hest-fit choice oí the drac coelficienta, at leut 
"·ithin the i-tter range of the author'1 experimenta. 

C!) 11w IIIMic argument ol the lwo-dimeftlion•I llot diffuae-r 
c·uattpt. as .... in t he model by Jirb and Harleman (4), is that l)e. 

)"und the liw"" merging the flow íaeld of the actual multiple-port 
diffu,er ia ~ to that of a alot dilc:harge-. Or in other worch, the 
init.al thne4-emional details have no diltincuilhable ef'fecu •t 
"-r dio- This ron<ept is physi<ally _,,.ble. u the 
eqlffl-.lenl .. diffuser has the ume kine-tic e-nersy input per unit 
len,t:h. whim ia. uhimately npended in turbulent jet mixin1. Thi1 
~ior ol lalaally limited jets ti in anaJoey with the noule ahape 
•fferu on f,- •bulenl jet, in whidt. alter a certain characterístic 
diatante. the ili&iaJ shape e-ffects •re no loncer felt and ali jeta •P­
proach an ~metric sh•pe (Sfona. et al. [22J2, experimenta by 
Yewljevidt ~ in (211). The equivalen! alot <onc:ept is useful 
ÍOf" d:ifíuser daaííication as the numbl'r of eoveminc puameten i1 
N'dtlttd. lt ._ lleen found oí aufficient accuracy Cor multiple-port 
di«,..,. by U.Oh (8) and mOff recently by Buhl..- )23]. The lack oí 
■Ktttme-nl wliidt is indicated by Kannberg and Daris• experiments 
m•~· be due- le equipment efflPCll, lince the horizontal momentum 
inpu.t of the ;e. is likely to cause tome circulatioa and poaibly re• 
entrainment •• ímit. size labcntory facility. This may account Cor 
thf KWrff Cftllllline temperaturn which were obsenred. 

F"tnally • .._aution hu to boe,_,.¡ nprding Kannbe,s ond 
U.vis" ~· claim that their analysis is applicable for the 
predic-tions á amdenser heat discharps from electric power 1ener• 
ation. In fact.tle low buoyancyof ■uch heated diocbarg-■ in combi-

1 .......__ lnstitute ofTedutolnu, C■mbridp, ...._ 
t ~ ia ..._ta dnif:n,iteAdditional R■f----. ■t ead el diKu&­-. 
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nation with Lhe limiting water depth at usual dispoal litea ¡ivea rile 
lo dynutic: inst■biliti,o ia íona al• rec:in:uJaw,g edcly ntendinc over 
1he entitt water depth. Thi■d--.. c:onditioaaanot be llllal)'Hd 
by mumof ■imple ~·ant ;.t-... u propooed by the authora. 
Stability criteria. whid, depead • relative - deprl,, di■cbarse 
Froude-ber and ....... "-'loeen developed byJirband Harle• 
man )4.24) ond ueplotted infis.10.Multiple-portdiffuoerde■isn■ 
for....S.-. heatdi■dmp~ra11 intotl,e~ di■dmp 
range. The practica) applicatia el tbe atable nn,e, in wh.ic:h the 
■ulhor■" onodel i■ ■pplinble • ....,_ to - omd blowdowa dif­
f,..r■, u■ually with hiper buoyacy ud lower llowr■ te■. 

Addillonal Rerereaees 

22 Síoru, P. M. Steipr. M. H_ -.1 Teatr■m■ta. N.._ "Studiet m 'J1arw. 
Oim~nsiuMI VIKOUIJec.a." AIAA.,_,_I. Vol•. Ul&I.. 

23 S-le-r, J .... Model StudiN • Mukiport OulfaUa in U111tn1ir.ed, 
S..,n■nt•Flowi•Ambóontl\'""'·"PloD--~otCóvól&.,;­
,_,¡1'11, U111iw-nilyolCalifonu■. a.t.iey.1974. 

24 Jn■• G. H., ■nd --D. lt F • "8-,,t ..... in c ... n..,¡ Sur­
- ..... - .. n...-1-..,-.J.A.&hotz.al. Yal.36oll'n,poa 
ia Astroaautics ■nd Affl:.Malica, AIAA. N... \'oñ. 197&. 

Authors' Closure 

We ■PPff<iate Dr. Juta•■ taJdoc time to-ton tbe -1ysi■ 
■nd -otthi■ ..,,.... We-with muchof-he hu oaid, but 
feel ■ few pointa need tobo....,_ d■riroed. 

A unity turbulent ■pn■d"'I - - Ílltrad_.. iato the 
llllal)'átolNkethe--...a1--...■tunmx1wlocity 
euier. 'l1le authon re■liee thatdá _y_ be eucily the cae but 

Transactlons of lhe ASME 

• 

it ia felt thal t.he errar.introdw.ed are minar in lipt ol the complexity 
uí the problem. 

and h■ .. • development lencth where the ..........,..,,.. bepn toclea,y 
of ■INNt 6 ÍL The equiv■lent ■lot for trua- h■■ ■ width. B, af 0.118 
fL Therefore. al lhe end oí the actual ain,le jet r:e.elopment IODe 

where the ..,.. temper■ture i■ af the onler ol l.o--0.S. the equivaJent 
slot i1 al an 1/8 o( 1& where it predicta an exceu temperat.ure ol the 
order oí 0.2. 

1'he equivalmt ■1111 eoncept ia • uaeful •pproach in analyzina the 
charaC"lttU.tit.i; of Olllain nwltiport diacharps, but u with moat 
simplified analysa. lhe lirnila ul use ahould be understood. The 
fundalftf'ntal premia he-hincl t:he equivale-ni. alot tll that beyond the 
puint of merJin« tbt,eumea fmln a rnw uf rqually apaced jeta become 
the Mme as the pluat ín1111 a slot jt,t havin1K tlw- ume mau ■nd mo­
mentum nux JW:t uail len«ih • the multiple jeta. This presumes that 
up tu the puint nl ..,.intt:. the- mikin,r: mech■niun■ ol the two are the 
K■me. and of C'OUl'Wlile-)· are-DDt.. Thef'ffeci: oíthis differenceon the 
ultimalt- dilutiun -...Id hP l'Nlllw if the major purtion ol the dilution 
oc:rnrt-d aftt-r mrr,c-C. ThUi would eil her hl' for larp di.tances away 
fn,m thf- pnint oíditda,xemfwrlnM-ly!>i,aceddist.·harp porta. Most 

1 n addition to the development zone problera, entrainment ia allo 
different for the two 1ystems. Entrainment hu been llllllftled • 
2s(0.082>bu,. and 2(0.16>1.u,. for the round and alotjeta, napertively 
l3J .• ~o, the examp&e cue considered in the íorecoi1t1, the alot jet en­
tr•inme-nt is 3.2u,. while the round jet entrainment varia clue to plwn 
growth írom 0.26u,. at discharge to 2.6u, at meqina. Thus. even 
thou¡h a multiport diM"h■rg:e meries into euentially a two-dimen­
aional plume •·here the individual character oí the oria:in■ I jell no 
long:er nist.s, it& propertiea are different from thoae oí a plurne that 
originated from a slot. M a re-sult, the aut.hon feel that the indil· 
criminate use of the equivalent alot. to model multiple port. diff1.11ers 
could lead to grou errors. 

,~ar,:her:. rt-afü.t' ..... 1-'oreum~, l.it.e-th 18) auccested the use o( 
an equi\'alent filot ..... cltJSÑy apattd porta and only •ttempted to 
rompan- tf'sultflaty/L • 80. For an 1./f) • JO, thtAata)'/D • 800. At 
this point the dihAion it1 10 peal th■t the nceu temperalure, re-• 
gardle,.5 uf how it i&calculaled.. ia usually no loncer oí interest. We agree with Dr. Jirb that the- present model ahould not be used 

in ahallow atagn•nt receivin111: •·•ter where surface effect.a and inste• 
bilities are present. In nowing ambient.s, howe-ver, even at low wloc­
ities these effects att reduced and in some cases eliminated. ln many 
ca~ the rrcei\"ing water is 11,ufficif'ntly de,ep to use the model to 
predict the major portion of the plurne's ch■r•cteriatics. 

In thf- nt-ar ami &lllffmt'dillk-fiekf •·hett most ofthedata re-ported 
in thifl paper were &ahn, t.he story is diíferent. One of the c•uses oí 
thir,; diftrrf'nn!' ¡,. dw-de-,relupment lenKt-h. To illustrate, considera 
diffust>r with 1-ft dia porta .-,:ed 10-ft apart disc-harging into stag­
nant watH. Thf. jf-tsfiw thiuystem merge ahout 30 ít from discharge 
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THBORBTICAL ANALYSIS OF THB POS 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 ita present fonn by Davis and was tuned to data 
by Shirazi, hence POS (see •workbook of Thennal Plume Pred.iction­
Vol.2-Surface Discharge,• Bnvir0Jllll8Jltal Protection Agency Report 
BPA-R2-72-005b, May 1984 by M.A. Shirazi and L.R. Davis). 

In order to malee the resulta of the -thematical model more general 
and independent of any particular system of units, the governing 
equations and all calculated plume characteristics are made 
dimensionless interna! to the program by dividing all length 
characteristics by H.., the discharge depth; velocities by U0 , the 
discharge velocity; momentum, pressure, shear and drag forces by 
u;11,.•; the flow rate by U.Jfoª; diffusivity by U.Jfo; excess temperature 
by (T0 -T0 ), the initial discharge to ambient temperature difference; 
and the kinematic heat transfer coefficient by U0 • 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. 

11. THEORETICAL ANAL YSIS OF THE PDS PROGRAM 

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: 

l ,ffi►,\ ,'tJ . . 4, ¡¡ ¡ LW!'~~-- ,~-. 

Tr = Texp (-'1 2 /B 2
) •exp(-Z 2

/ H2
) (1) 

Ur= Uexp(-'1 2 /B 2
) ·exp(-Z2 /H2

) + Veos& (2) 

where 'I 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 asswned, the energy, 
volume and momentum fluxes can be integrated across the plume at 
any cross section leaving them in terma of centerline values and 
plume characteristics width, e, and Depth, H. Accordingly, the 
volume flux becomes 

O= f t Wrl drtdZ= •HB (~ + Vcos8) (3) 

where the limita of integration for v cos 8 are taken as the bottom 
half of the region: 

Solving (3) for u, yields 

(_!l._) 2 + (L) 2 s1 
,/ZB ./'ZH 

(4) 

~ J w ,;;..;;. &&,. H- 4~~ • "-11 ® a,1'"P•½ ,,. ,, p g n~, ;.¡ . W*-<""7P• !.O¡ 4.AQ i/li@ ,1!l"Jil~1, JtMtlW@~JU11,lt'.--4 ¡ I> 14!\ l ,/1,t ~;:r,:•~!f!'M~.l~ll:~ ~~~llt(!~_S14 JM4%w.¡o¡&i)iii,) ~ 
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u • 2 (_a_ - Vcos8) 
•HB 

The heat flux, J,is: 

J • ff U TAdZ• .!!TBH(.!! +Vcos8) • JE 
,& r 2 2 2 

The momentum flux, M, is: 

lt • ff U:dfldZ • KBH ( .!! + vcos8) 2 • L 
.& 2 fCBH 

• 

(5) 

(6) 

(7) 

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 entrairaent and aabient turbulent mixing, 
thus: 

dO d.O¡ dO¡ 
c1s·ds 1 ♦ ds. (8) 

The jet and ambient contributions are both divided into vertical 
and horizontal componente. The horizontal jet entrainment fluid 
is: 

dO º 
dsl1,a=2E0 f llUdZ (9) 

-,/%H 

where 

6U = (U2 + V2 sin2 8) l/2 exp (-Z2 /H2 ) (10) 

and B0 is an entrainment coefficient. By inserting (10) into (9) 
we obtain: 

dO¡ = ,/ffHE (U2 + V2 sin8) 112 ds j,b o 

The vertical jet entrained fluid is: 

./f• 

-!b ... • 2 f E6U.,dq 
o 

(11) 

(12) 

where B = B.,f(Ri) and Ri is tbe local Richardson number given by: 

R = .i. HT(s,,, o) 
j P! &u!- (13) 

The function f(Rt) is a curve fit to data. It is: 
The velocity difference 4U,, is given by: 

• • • 

f • [exp(-5R1 ) -0.0183)/0.982 (14) 

&u.,"' [U2 exp(-2112/B2 ) +V2sin28]112 (15) 

The term T is the surface excess temperature ata distance 'I 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: 

dO H Eb 
-:r= l. b = l1. O B U H 
as ' o o 

d.O¡ = 11.0~ -2.. f(Ri) 
ds ••" H Uflo 

(16) 

(17) 

where Eh and Ey are the horizontal and vertical turbulent diffusion 
coefficients, respectively. 

The change in heat flux along the plume dueto heat exchange with 
the atmosphere is expressed as: 

,r.a 

: = -2 f KTrdfl • ,/KKTB 
o 

(18) 

where lC is a dimensionless heat exchange coefficient. Substituting 
(18) into (10) yields: 

~=-{<2r-KB+~) (19) 

The conservation of momentum is applied in the s-direction and then 
divided into X and Y componente. The net forces on the plumeare 
balanced by the change in mcmentum flux. The forces considered 
important are (a) the internal pressure forces dueto buoyancy, (b) 
fonadrag dueto ambient current and (c) interfacial shear forces. 

The pressure forces are found by determining the excess pressure 
dueto buoyancy as a function of depth and then integrating the 
pressure over the vertical cross section of the plume. Thus, the 
noaialized pressure force is: 
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P• 1-f¡ÍiT~z)dA • ~T1;
2
B (20) 

r,,. ,_ 2F
0 

The fooa drag acting normal to the plume centerline is assumed 
similar to the dragona solid body such that 

FD. ½✓-2"CoHvJvj sin2 8 (21) 

where C.. is a drag coefficient. 

The interfacial shear forces are assumed to be similar to turbulent 
flow oveE" a flat surface with a boundary layer thickness of (2) 112H 
and a Yelocity equal to the vector velocity difference between the 
plume and ambient current. Accordingly, the X and Y components of 
this sbear force reduce to: 

.P• 
SFx = e,. ( R1;,a>1'' f .t.irv1' [Vsin28-Ucos8exp (-112 / B2

) J di¡ 

.P• 
SF r = -C,. ( R1.a)1I• f 6. u!1' [ Veos 8- U exp ( -112 

/ B 2
) ] dlJ 

o 

(22) 

(23) 

where Cr is a friction coefficient and R. is the jet discharge 
Reynolds number. '?he value of e; is determined by experiment. 

The cbange in mcmentum flux includes the effects of the momentum of 
the entrained ambient fluid, V(dQ/ds), which acta in the x­
directioa. Bquating the forces to the change in momentum flux in 
the X and Y directions yields: 

-Js [(N+P) cos8) • SFz+ Fasin8 + Vd()/ds (24) 

-is [ (N+P) sin8) • SFr-Facos8 (25) 

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, 

dll 
ds -

SFrC<)s8-SFzBin8-FaVsin8 (d()/ds) 

02 + ..íIS.... 7712a 
aBH 2r,, 

(26) 

Differentiating M and P, multiplying (24) by -<:os ~ and (25) by sin 

1 ~t,~,:>(~~.•lf:""',fl"ii.P . •.,'flr,l".l .. 11,,,~Mfilli,t¡OZ,Al#4\li)$ ¼14,Mli) $#U,!% i{, J:¡.41, 

8 and canbining yields equation (27). 

~ = [SFrsin8+S.P',rCOS8+ (Vcos8-2O/•BH) (d()/ds) 

-(./ffBH2/2r,,) (dT/dsl + (02 /ttBH-,/KH2/2r,,) (dB/ds)] 
[ ./ñTHB/ 2F! - 0 2 / sBH2] -• 

(27) 

It is noted that this expression for change in depth is undefined 
when the denominator is zero. Hence, resulta beyond this 
singularity are questionable. 

Maaentum 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 

dB • (dB) + (dB) _ 
ds ds ab cis b 

(28) 

where the subscripts b and nb denote buoyant and non-buoyant terma. 
the non-buoyant spreading is found by writing equation (27) without 
the buoyancy terma and assuming that 

( =~:Lb = (B/ll) (dO/ds) J (dO/ds)., (29) 

where (dQ/ds) h and (dQ/ds) v are the horizontal and vertical 
entrainment ratea. 

(:L. 
SFrsin8 + SFzCOs8 + ( Vcos8 - 20 ) ddO 

,r.BH s 
-(02/ttBllJ [ (dO/ds) .,/ (dO/ds) .,,+ 1) 

(30) 

The spreading dueto buoyancy is assumed to be a function of the 
local excess density ratio, plume depth and aspect ratio such that 

(:t • ~ ~~-1 
(31) 

It is noted that this aleo has a singularity. Dueto B/H usually 
being large, this singularity is not encountered in most problema. 

The preceding ·- equations are sufficient to perform a step-wise 
integration along the plume. Prom the local conditions of the 
plume, dQ/ds is calculated. llhen this is known dT/ds, d8/ds and 
dB/ds are calculated. With these known, dH/ds can be calculated. 
These derivatives are integrated step-wise along the plume 
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trajectoxy to give local values of X, Y, T, H, B, 8, and Q. 

In order to start the integration within the developed zone wbere 
the abo'le aaalysis is valid, starting conditi011s must be 
calculated. 'Diese are determined by a simplified analysis of the 
develoi-t zcme and assuming tbat the development length is given 
by the eqaatiOll 

s, • 5.4( !:r3 (32) 

where A is tbe discharge flow area and P0 is the discharge 
densi.mentric Proude number. 

CCMPUTBR PROGRAM 

The PDS progr- is written in FORTRAN 77 and consiste of a main 
program eotitled PDS and five subroutines, mPCG, ARBA, PCT, RBD, 
and OUTP. 

The main program, •POS, prompts the user for input variables, 
initialir.es C011Stants, non dimensionalizes the variables and calle 
subroutine ICIIPCG vhich performs the actual calculatioa. Subroutine 
KHPCG is a standard scientific subroutine which performs the 
stepwise integration of differential equations by the Hamming 
Predictor-Corrector Method. 

Subroutine SicalAT 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 ARIIA is a step-wise integration of the area enclosed by 
surface illotbenns. Subroutine PCT calculates the derivatives of 
the program variables which are used in KHPCG. SUbroutine RBD 
calculates the reduction in the vertical entrainment coefficient as 
a function of local Richardson • s number. 

Subroutine OIJ'l'P converts the desired variables to dimensional 
quantities and prints them out at each integration step. 

INPtTr AND OIJTPUT 

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. Tbe input variables required are: 

1) A run title (one line) 

2) The discharge flow rate in flt/s 

• 11 • 

3) The discharge channel width, m 

4) The discharge channel depth (assumed rectangular), m 

5) The ambient current, m/s 

6) Discharge angle relativa to the current, degrees (zero 
is downstream and 90 is perpendicular to current) 

7) Discharge -ter temperature, e 

8) Ambient -ter temperature, e 
9) 8alinity, 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 vhere 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 consista 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) Ti:ne of travel to this point along centerline, sec. 

5) Q/Q0, average plume dilution, total flow in plume 
divided by discharge flow. 

6) QM/Q0, minimum dilution at plume centerline. 

7) DBP'nl, plume depth, m (211ª standard deviations of 
Gaussian curve) 

8) WIDTH, plume with, m (2x211ª standard deviations of a 
Gaussian curve) 

9) ARBA, 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) 
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!!:BID 'IQTW: The program doea not keep track of receiving -ter 
boundaries, i. e. , shore or bottom. The user 11111st check to see that 
the pl.ume does not attach itaelf to either shore or bottom by 
following the trajectory, pl- width and depth. Simulations 
beyond these attachment pointa are in error due to changea in 
entra:inment. 

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 reaaonable anawers if boundaries are 
not encountered. 

The program checks its own accuracy at each integration atep. If 
the accuracy is poor, it repeata the calculati0118 for that step 
with the step size cut in half. If the accuracy is still poor, it 
continues to half the step aize until it reaches aatisfactory 
accuracy. If it cuts the step size in half 11 (eleven) times and 
still cannot achieve specified accuracy the program atops. 'l'hia is 
usually when the user has input bad data. It al.so occasionally 
occurs for certain combinationa of current, denaity difference, and 
discharge direction. When it does, try changing input variables a 
small amount. 

RUNBIMJ 'l'HB PROGRAM 

1. Copy the PDS.BXB file on one of the source diska to one of 
your formatted working disks orto 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.BXB and type PDS. 

4. Answer all questions regarding for your particular discharge 
and ambient conditions. 

5. llhen the program prompts you for an output file, type in the 
name of an DQD e.tj,■Unq file where you want the output to be 
stored. If you do not want the output stored and just want to 
see the resulta, type COB or 'ITY. This sends the output to 
the acreen. You can also senci the acreen output 
simultaneously to the printer by pressing c:nu. and PRINT 
SCRBBN 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 tileanme PRN 
where filename is the name of the output file you specified. 
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LIST 0F SELECTED SYMBOLS 

a • initial dilution factor; 

A • area of river flow cross section; 

B • width of river flow cross section; 

C • concentration, by weight, of dispersing sudstance; 

e - average concentration; 
é - deviation from average concentration; 

C¡ • excess concentration after initial dilution; 

C0 • initial excess concentration; 

d = local depth flow; 

d • average depth of river flow cross section; 

D = transverse diffusion factor; 

Ex = longitudinal mixing coefficient; 

Ez = overall transverse mixing coefficient; 

g • acceleration due to gravity; 

Kx,z • convective dispersion coefficients; 

mx,y,z • metric coefficients for orthogonal curvilinear 

coordinate system; 

M • rate of change of mass of a tracer mixed with water; 

n - Manning's coefficient; 

p - normalized cumulative discharge; 

P • fraction of river flow occupied by plume; 

q • discharge per unit width; 

q - width-averaged discharge per unit width; 

qc • cumulative diséharge from near bank; 

q, • volumetric discharge rate of thermal effluent; 

Or • river flow rate; 

re • radius of curvature of river bank; 

S = river slope; 
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x 1 ,2 ,3 • length coordinates in a rectangular coordina te system; 

x ,y ,z • length coordinates in longitudinal, vertical and 

transversa directions, respectively; 

x0 • position of virtual source; 

u, v, w • local velocities in x, y and z directions, respectively; 
' ' , u,v,w 

u 

u 

• deviation from average values of u, v and w; 

• cross-sectional average value of u; 
shear velocity; 

Y,Y 5,Yb • values of vertical distance y at flow boundaries; 

a .. dimensionless transverse mixing coefficient; 

• 

e1 ,2 ,3 = local turbulent mass transfer coefficients in a rectangular 

coordinate system, also called turbulent diffusion 

coefficients; 

Ex.y ,z • turbulent diffusion coefficients in x, y and z direction, 

respectively, in a orthogonal curvilinear coordinate 

system; 

p • mass density of fluid; 

crp • variance of the normal probability density function, 
Eq. 30; 
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1 . INTRODUCTION 

The water pollution problem, created by continuing population 

growth and industrial development, menaces the balance of the 

ecosystem Earth. To maintain a liveable environment, man must 

apply effective measures of water pollution 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, agricultura! and domestic wastes. 

Waterways have traditionally performed this function for many 

centuries. lf pollufíon 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 effluents 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 involves many fields 

in science and engineering. In this study, the lateral mixing of a 

neutrally-buoyant pollutant 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 to predict lateral 

mixing is important to water pollution control. lt 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 mrxing. However, most of the 

past studies have been limitad to the idealizad 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 computar program, capable of taking the 

lateral mixing phenomenon in any channel shape into account, will 

be presentad. lt can be used to determine the maximum shoreline 

concentration, the contaminated surface area and the maximum 

length of a mixing zone given within specified isopleths 

discharge conditions. 

• • • • 
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11. REVIEW OF FORMULATION 

1 . Comment of formufatjon 

The formulation of the equations for thermal and mass diffusion 

are the same, except heat can be disq,ated at a free surface into air 

by convection. This difference will be discussed later. In !he 

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-Dittusion Eouation 

To derive the dispersion equation, one of the most direct 

theoretical ways is based on the principie 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 surface of 

control volume, and ; defines the velocity freid. The rate of changa 

of mass M of a tracer mixed with water in the control volume is 

cM 

dt 

Rate of change of mass 

due to convection 
+ 

Rate of changa of mass 

due to diffusion 

,. ..... , 1"S Q J4L,lf ; U .p t,, ; ¡ , ,,&M + J! 11~11!; q, Z t #..#ii _¡¡t¡}fl.q;\LJ.4. 1,4, t.! .t J #fil? O:S:H_ M-,&Q!! . $1; ,, .@.:Wt;¡o¡:¡;¡;;¿:,.JP,,&GA®W2i!Ji\ilM$4 ®C.;? AA F, P ,#4Ji A4 % .!,T l? ,W / &).i,fa",,;t,, CM.;&f1Q# • hWJJ\ ~PU,¡.,,, ap;p;.:q, u )J"'W!@, 
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Control Volurne of A Row Field 

• 

Where M is the mass of a conservativa trace. 
form 

Expressed in integral 

cM 
dt 

r ...... 1 ➔ 
-p JsCu·ndS + p sEmVe•n dS ( 1) 

where p • mass density of dispersing substance, e • its concen­
tration by weight, and Em • molecular diffusion coefficient. Noting 
that 

cM dl ¡ac -=p- edV=p -dV, 
dt d t v at 

(2) 

and applying the divergence theorem whereby 

r ---- r --Js e U•n dS = J,, V•(e u) dV (3) 

and 

fs en, ve.; dS = L en, v2c dV ( 4) 

• • 
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Then the equation for the conservation of mass of the dispersant 

becomes 

➔ 2 
ac+V.eu=en,Ve 
at 

(5) 

➔ 

But, if incompressible flow is assumed Vu = o, so the above equation 
further reduces to 

ac + :.ve 
at 

em v2e (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 

e=e+ e· 
(7) 

U¡= U¡+ U¡ 

where the subscript i denotes the i'th coordinate direction. The 

averaging period is sufficiently long to permit the averages of e· 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 eartesien 

tenser form, 

t ~¡..;: ;w rn,;¡:. , 1 ~~~ffl110¡¡,;o,'1J,1,,.*,•Wr.~,l'f!ll~~!t"l.l\dl,-0i,}/44!1lPf:%1~iilWPf;¡u_t,1 ~.~~1)1/fi,,\!'%\'fiG4:W:,,4t AM1J.eiii2iih~~.m~~!'l,~,-~.m;;:.,,;«ll.l'll4\+;;¡,c..;W4 ¾4..4 QiW !#Z,l,41,WM,P ¡ SSM>k:!J,24\hdM#, 4,f,IIUl9PM. '4-A;t, ¼!l 4h .P.MM ROM @UI;:;::% U,+.l!IP\i!!U&ZM;m ,FX44 , 4?,) ;,"' .. fi!R9f!!( $ 4A+i;:,& A& 
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ac - ac 
-+u-­
at ' ax; 

.l.. e· u'. - - 1 - dX¡ 
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(8) 

where xi 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 representad as a gradient-type transfer term 

e· u; ac 
= - E¡¡ dX¡ (9) 

lf it is assumed that the principal axes of the turbulent diffusion 

tensor Eij coincides with the axes of the coordinate system, Eq. 9 

can be simplified to 

- ac e· u.· = - E; ax; (9-a) 

where Ei is a scalar quantity, interpretad as a local coefficient 

for the turbulent transfer of mass in the i
0

th 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 conservativa substance in a turbulent open-channel 
flow 

ac ac 
-+u-­
at 'ax; = - .l.. (E; ac ) 

dX¡ dX¡ 

Jil'l ,m, m,@ > , <.P, , h+:P 4i. ,-?½!Ji\_,, L¾ i \ \. +?14-,, 

(1 O) • 
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Now, consider the dispersion 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 indica te respectively the direction of flow. the 

direction normal to the channel bed and the transversa direction as 

show on Fig. 2 

2 

1 (river flow direction) 

Fig. 2 lndications 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 u2 and u3 are of secondary importance. Furthermore. it 

is to be expected that E 1 is independent of x1, although it may vary 

with x2 and x3. 

Finally, the dispersion equation can be rewritten as 

ac ac 
-+u,­
iH ax, 

teª( ac) ª( ac) E1 -+- E2- +- E3-
dX~ X2 ax2 dX3 dX3 

( 11 ) 

The next step is to changa the Convection-Diffusion equation by 

using orthogonal curvilinear coordinate instead of the Cartesian 

Coordinate system. 

JJWl Ni, \ili ,-440 14!4"'!4/J¡wt 4,.U, ;;,,; 14 zq: lf] 4#Wk ►.t4PM4Jfiklll:R0 i,ZZ\ ::Z..i}4i_bf49)41lQij4 i$- f@)40if1Uf½44 ,i4JIP!'.:0 
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3. Orthogooal Gucvmoear Coordinate System 

A schematic of this system shown in Fig. 3, is set up by three 

mutually orthogonal sets of coordinate planes which were called 

longitudinal, transversa, and horizontal coordinate surfaces by 

Yotüura And Sayre [9). 

For a natural river channel, the longitudinal and transversa 

coordinate surfaces are vertical, typically curved, and nonparallel. 

But the horizontal coordinate surfaces are all parallel horizontal 

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. 

t....,_.., 
; , ......... . 
......... 

"•~,; ~~ 

~ ,, . .., ·-•-'- PlAII YlfW 

l ... iWiael c..,tliNtt 111rf■n1 

~ 
........ ,,, .. 

H..-1o1 l>e,il, 
._,;_ •=Ta-r. 
1wfec11 \ ' 

_,¡ '"° 
Fig.3 Orthogonal Curvilinear Coordinate 

System for a Natu!'8-' Channel. [9) 

~~?'!'~\ {, .9!ib$iM IM14Wifiii$1\\94 .. }ffliW\,.ons.sx .X.C\kA{J_ 4A49i)!(M9M ½h..JP trnZ:Zik,#,JASW!IQ.:&-AAM:;::ez;;,,;c,o;ay¡;;; ;;;;;;;;,e 
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The orig,n O, 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 (positiva in the downstream 

direction). The Z-axis is the intersection of the transversa and 

horizontal coordinate surfaces (positiva to the right bank), and the 

Y-axis is the intersection of the transversa and longitudinal 

surfaces (positiva in the upward direction). The x and z coordinates 

of a point C in the Fig. 3 are defined as the horizontal distances Loa 

along the X-axis, and Lob along the Z-axis, respectively. Therefore 

all points on a transversa 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 plana. 

Because of curvatura 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 mx, and mz 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 

Lbc = r mx dx 

and the one along the transverse coordinate surface from A to C by 

Lac = r mz dz . 

!·IJ\i.G4(11,tt4.%FJ4 ./ t, q AMI M h;, Jih4AOI U, 4(1.4.Ji:s;&M 43, HL l J;;tQ K k ,ft41!18fJU,I A,. ,J.i 4#\11;1'9ªª &f ,# ¡' ,., .... """' 
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The values of mx and mz may vary from point to point and are in 

general function of both x and z, except that mx • 1 on the X-axis and 

mz • 1 on the Z-axis. Other values of mx and mz can be estimated 
from a sketch like the upper one in Fig. 3 by the relationships mx • 

(6Lx)l6X and mz • (6 Lz)l.12, where 6X and 6Z are distances along the 
respective axes. 

In the curvilinear coordinate system for a meandering channel 

the metric coefficients are 

mx • 1 + zlrc 
.. 1 

ª 1 - zlrc 

my • mz = 1 

for a bend curving to the left 

for a straight reach 

for a bend curving to the right 

( 1 3) 

where r c is the radius of curvatura of the bend at the channel axis 

and the longitudinal coordinate surfaces are circular cylinders 

concentric with the X-axis. The positiva sign in Eq. 13 is for bends 

curving to the left looking downstream and the negativa one is for 

bends curving to the right. 

Experiments show that the metric coefficient mz in a channel 

with converging or diverging banks has an approximate relationship 

which is expressad as 

mz - 8/80 

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 30v , the distance between these surfaces along a curvad 

transversa coordinate surfaces is closely approximatad by the linear 

distance between the intersection points. 

• • • • 
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In Eq. 13 it is interesting to observe that when r c goes to 

infinity, that is in a straight channel, mz 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 system to the Orthogonal Curvilinear 

Coordinate system, we should note that integration or differen­

tiation of a function along a curvad coordinate surface is always 

relatad to an infinitesimal distance; in this case , dlx, dly, dlz are 

equal to mxdx. mydY, mzdZ, respectively. We may see the main 

advantage of the orthogonal Curvilinear Coordinate system over the 

Cartesian Coordinate system is that the diffusion-dispersion 

equation for natural channels can be expressad in a simpler and more 

rigorous representation. So after switching the coordinate. the 

diffusion-dispersion equation is given by 

mx m2 ilC + 1... (m
2 

u' C) + mx m2 1... (v' C) + 1... (m.w' C) 
iH ax ay az 

a (mz ac) a ( ac) a (m• ac) = - - Ex - + mx m2 - E y- + - - E 2- ( 1 4) 
ax m. ax ay ay az mz az 

the variables u', v', w' are local velocity components in the 

curvilinear coordinate system; Ex, Ey, Ez are local turbulent mass 

diffusivities, where the subscripts x, y, z indicate alignment with 

longitudinal coordinate surfaces, vertical direction and transversa 

coordinate surfaces, respectively. 

4. Two Dimensional IDepth-Average} Eguation 

After integrating Eq. 13 over the depth of flow from the bed 

Y b (x.z,t) to the water surface Y s, the two dimensional convection-

~lffi'~Mi•,i!' ¡p¡y:;. "·/"· :ViffeWW:¼.PA1),iS,A4",:;.,t,aHM#Ci?..,A,HllA.HtJAii-;1lfP+!iil';A.iU@¡.«1tzz;!¾»,¼il~s¡¡¡;,w,s.:;a4.;.i,Jli!.JiilWl(t'.4!-Al?¡il\lR,!#14 , .. )s;.t.,A.$#iiM h'.IU))J.k\4{,i!,ij)JJ$4k 4[)Ji4Ql$ki7 #4 iiA~¾Wli J., J4MOO\W-ifA3Q k p ;;;;rn 4).4:' $ ( a:;.e.,;¡ AM{ 4 /4 i wu;;,; ;::s/i/144#P 
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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 

a -- a -- a --
m. m2 - ( d C ) + - (m2 d uC) + - (m 1d wC) 

at ~ ~ 

( -) -am-ae am- oC 
= - -

2 
d Ex - + -(-• d E2 -) ax m. ax az fflz az 

( 15) 

In the previous equation d is the averaged-depth across the channel 
and Ex may be designated as the longitudinal m1xing coefficient, 

which includes !he combinad effect of depth-averaged turbulent 

diffusion and convective dispersion, i.e., Ex • Ex+Kx. Ez 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 derivativa terms can be dropped from Eq. 15. 

2. lt is well known that the dispersive transport, (Exlmx)dC/dx, 

is relatively small compare to the convective transport vC in 

an unidirectional flow. Furthermore; Sayre and Chang [6) 

preved analytically that longitudinal dispersion has very 

little influence on the steady state mixing process in a 

straight, rectangular channel, except near !he source. 

Under steady state conditions, the longitudinal mixing term and 

the time derivativa term both can be dropped out from Eq. 15, 
yielding:. 

~..,,..,..,.,'."'·l~"'"'·<-•~~1;r:,o~or..~,/<l).l#fWJ\ifo/l,'l"lllll!!!lU .. (11 ,¡ Sli%½!J!i¡i¾(\Qij4/ ¼Q.J ¼J\lflii4Z .f,2.PIGIJI J," 4t.,$h )eH'44#4,~ •¾. M f!#IAH!Piif,Mi!f A.%t44 &031 J 
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a -- a -- a (m - ae) 
- (m2 d uC) + - (m 1d wC) = - -• d E2 -ax az az mz az ( 1 6) 

Obviously, u, w, C, become not only depth-averaged but time­

averaged quantities. And now let us introduce the space cumulative 

discharge system to simplify Eq. 16 to a more condense form. 

5. soace cumulat;ve Discharae Svstem 

A solution of the equations given in previous sections is given 

in P. P. Pailey and W. W. Sayre [4). lt is repeated here with few 

modifications for completeness. 
lt is very helpful to simplify the dispersive convective equation 

if cumulative discharge system were used. The space cumulative 

discharge is defined as 

qc = [ mzd~ dz 
z, 

( 17) 

where mz d 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 

a -- a --
- (m2 d u)+ - (m.d w) = O 
ax az 

( 1 8) 

First integrate the continuity equation with respect to z from the 

left bank z1 to z to obtain 

-- ar --
in. d w = -- ITizd udz = ax , 

OQc 
ax 

( 1 9) 

,,'h/M9X;Wffi,!M~@.,..JiüJ4]ijW.IZS P¼)i!,Jtk.(,ih44k\M4hlMiHR, ,14 z;;c,;¡¡:w:;::;¡:;Qfhd. Piid,$%0 4$ 04Uit,%?)PJ_,Pl,,WJ;f4M_,>il"!¼Y 
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by making use of the Leibnitz's rule and the conditions that u • w . O 

at z1 with z independent of x. Next substituting the redefined 

integrated continuity equation and cumulative discharge system 

equation into Eq. 16 we get 

rr1z d; ac _ il<\: ac 
ax ~ az ( -) a m. - ac 

= - -dEz-
az mz az 

(2 O) 

FinaUy, let C(x,z) be replaced by C(x,qc) by using the chain rule of 

partial derivatives so that Eq. 20 reduces to 

ac 
dX 

a - - ac ( -) - mxd 2 u Ez­
OQc OQc 

(21) 

The above equation can be normalized by substituting p .. qclOr into 

Eq. 21. Thus a normalized diffusion equation can be obtained as 

ac 
ax 

~rd2
; Ez ac] 

ap q ap 
(2 2) 

where Or is the total river flow rate at the location. lf we assume 
that 

d 2 
;;- Ez = Or2 D 

in which O • transversa diffusion factor, a constant to be discussed 

in the following section, the dispersion-convection equation can be 

more simplify to the form of a simple one-dimensional diffusion 

equation 

ac = 0 a2c 
ax ap2 

(23) 

ifJ,$ f777 _,_,._,,,_,"""",__~•.;,;•,~:;.o_,,..-~-_~~,,._~~~~-00::,"l~P/q~ . .3.\11~~!! ll'ltJ,@QeJl'/IH.~~-~ ,#1 .&,,Mi,IR~ .. ., 4 di\!'M .tfJ)Gll !i!,%4,i .~W/!? 
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6. Numerjcat Prediction 01 concentratjon Distribytjon 

The profiles for velocity and concentration distribution are 

assumed to be described by the Gaussian function 

fr (p-C ; X) = _1 _ e - (P-02 
ili 

(24) 

The general form of the solution for a constant effluent discharge 

from a relativa source strength distribution function Ci(C,0) at x • O 

is given by 

C(p,x) C1 

C; CC,0) fr Cp-C ; x) dC (2 5) 

in which fr (P-C ; x) is given in Eq. 24 for a continuous source of unit 

strength concentrated at p • C, x • O. The initial dilution factor for 

nearfield mixing is defined as : 

Co 
a = C¡ (2 6) 

where C0 is the initial concentralion of lhe discharge plume al lhe 

origin of coordinales, x • O, p • o. al lhe discharge bank of lhe river, 

lhis is jusi far enough downstream from lhe outfall so lhat al the 

origin the inilial nearfield mixing has taken place. The fraclion of 

the total river flow rate inilially mixed wilh the discharge effluent 

al lhe origin is 

P = a Oo 
Or 

(27) 

in which 0 0 .. volumelric rate of effluent discharge, Or .. total river 

-, i\9/M t,t;;UQQ;&CM. 4 V M,jl¡¡t¡ fl&MI ~M,.¼Jit?.M ,., t. . cow;:, '" "t 4 !91,i.&i-OHWJ.&#HA%IMII! 
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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 • O at 

the outfall discharge bank, p • 1 at the opposite bank), 

C(p,O) t 
Co(p,0) - t-----.-.--.... 

- e---
p .. Q p 

P • Qc/Or 
p - 1 

Fig. 4 Definition Sketch for lnitial Conditions 

then the initial transversa concentration distribution at the origin 
X• 0, is 

C; (C,Ol 

C; <C,Ol = 

Co 
a 

o 

o< es P 

P<ts1 
(28) 

lnserting the initial conditions specified by Eq. 28 into Eq. 25, 
yields: 

C(p,x) = r t, (p-C ; x> dC ( 2 9) 

Since the plume is assumed shore attached, the momentum of the 

plume may be reflected from the banks, then the term inside the 

- 17 -

integral of Eq. 28 expressed in normal standardized form as 

f, (p-C ; .x) = ;P ( ~ exp ( - ~
2 

)) ( 3 O) 

in which s - (p-C)la P - the standardized normal variable, and 

aP = ./ 2Dx • 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 infinita image 

sources and taking account of the ambient conditions, the general 

form for such solution is 

C(p,x)- Ca = <~a) ((F, (~)- F,(:;))+ 

i (F, ( 2n + (p-P))- F, ( 2n - (p-P) )) + 
n= 1 Op Op 

n~l(F, (2n -
0
~+P) )- F, (2n +;:+P) ))) ( 31) 

in which Ca .. ambient concentration and Fr ( ) - the standardized 

cumulative normal distribution function corresponding to the 

probability function f, ( ). 

A fully exact solution for finite width requires an infinita 

number of image sources spaced at normalizad distance p • 2. But 

all these image (reflection) sources are not believed necessary, 

however. As a matter of fact, the terms in the infinita series repre­

senting the bank reflections are quite insignificant if n > 4 or S. 
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7. Maximum Center une concentration 

The maximum center line concentration Cmax(p,x), for a shore 

attached-plume occurs along the near shore, i.e., p • O. The solution 

for (Cmax(O,x) - Ca) from Eq. 31 is 

Cmax (O,x) - Ca (Co-:a) (( 2F, ( :J + 

2"~/F,(2na:p)- F,(
2
na~p))-1) (32) 

8. Transyerse Qiffusjon factor P 

We assumed previously the transversa diffusion factor D 

appearing in Eq. 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 transversa distribution of D do not affect solutions of 

Eq. 22 as long as its average value 

E , 
D = _z J. d2 u dp 

ri, o 
( 3 3) 

remains fairly constant. 
is 

The approximation of the integral in Eq. 33 

1 - --L d
2 

U dp = d2 
U = d q ( 3 4) 

in which as before d • ,\:/B • average depth of flow section, Ac and 

B - area and width of flow section respectively, u - Orf Ac • average 

¡¡:.MU; fo. ift , ifl◄ uuq .: ,.4Zi.Wki, ;;u u a@ .r ;;;J, 4hk#,UMi@.i.$ $.! it i&QQU ,f.MAli&IMl4. """""""'' 44i;ptttttAWARKitt 
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river flow velocity and q • OrfB • width-averaged value of local unit 
discharge, q. 

The final form of the relation for transversa diffusion factor can 

be written as 

O = ~ n../g - s,s 
.063 

8
2 (d) (3 5) 

This was done using the Manning's formula for the river discharge, 

Q r• and an empirical relationship for the transversa mixing 

coefficient, E2 , which are expressed as 

063 - - 2/3 1/2 
O, = -· - B d (d) (S) ( 3 6) 

n 

and 
-

Ez = ad u 
. 

( 3 7) 

respectively. In the foregoing equations, n • Manning's coefficient, 

S • slope of energy gradient, a - dimensionless transverse mixing 

coefficient, u· - (gdS)112 • shear velocity and g • acceleration due 

to gravity. The value of O determinad by Eq. 32 is less accurate 

comparad to the one by Eq. 31, mainly because of the approximation 

used in Eq. 32. lt is empirical work to evaluate the transversa 

mixing coefficient Ez or a, 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 predictiva relationship between them. The most common 

and reliable method for determining the values of E2 for natural 

channel is by laboratory simulation or direct field measurement 

followed by the use of empirícal equations to match the measuríng 

data. Several investigators have found values of a by the method 

@<. ,#4Pt:4.JUO Mkw ,détjh,iW:J.MtJ tt, .J1li,4 pax: u;:;:e;,!!,lu PW-4d 1?4Q,4Ff4M44;;t,%ffJ4,t7JtJC,. .9,€ PA ljhQ l.t.411 .44.41(,(,i\.ZR!UQ( 
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just mentioned above. For example, Fischer [1) regressed the 

Missouri River data and got the following equation for the curve 
section 

a = 0.4 (Bid/ (~/u ">2 (d/r c>2 
( 3 8) 

lf rc-oo, which is the case of a straight section, we have a - O. To 

overcome this problem it is necessary to have a limiting value of the 

radius of curvature. Hence, if re ;¡,. 25 B, we set re • 25 B. 

We should not forget that the value of the numerical coefficient 

in Eq. 38 rnay 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 

O¡ (x¡_1-X0¡l 0~1 (X¡_,-Xoj-1) ( 4 O) 

in which Di • value of D for the j'th subreach, and Xoj - longitudinal 

coordinate of the virtual source for the j'th subreach. The values of 

the x0 j for all subreaches are determinad from Eq. 40 starting with 

x0 j • O for the first subreach, and using the known values of D for 

all subreaches. The values of Dj and x0 j for the j'th subreach are 

used to determined the standard deviation for that subreach by the 
relation 

• 21 • 

ap = ./2 D¡ (xH-X0¡) ( 41 ) 

which in turn is used in Eq. 31 to compute C(p,x) for the j'th 

subreach. 

The space-dependance of the model should be noted in the 

formulation of the standard deviation, a p N x 112 

9. !oitial Pilution factor a 

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 C0 greater than the 

excess concentration after initial dilution Ci. 

1 o. tsopteth lor tsotherm) Surface A rea 

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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Fig. 5 Schematic view of effluent discharge and 
mixing zone along river bank 

• 

B 
(or p • 1) 

The computar program PSR listed in the Appendix II is based on 
Eq. 31 and 32. lt 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 
computar program PSR is described in the following section. 

/ 
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COMPUTER PROGRAMMING OF THIS MODEL 

• 

The computar program used to perform the computations of Eq. 

31 and 32, is listed in the Appendix 11. The language used is FORTRAN 

n. 
This computar program consists of the MAIN program and three 

subroutine subprograms, DIST, GEOUAT, 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 iterativa increment ~X. 

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 lsopleth 

Surface Area, an increment of 5 meters is taken to find the final 

values, values for which the lateral distance of the plume reachs 

zero. 

2. 1.n.12.Wi 

To start the program two ways to enter the input parameters are 

offered : 

1. interactiva 

2. using an input file. 

The description of the input variables and the read-in format for 

the input file are t~e following : 

1. Interactiva : 

Start the program and follow the directivas. 
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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 Flrst group 80-Characters 

Qo 

Qr 

Co Second group 
Ca 

A 

NSUB 

RAD¡ B¡ DEPTH¡ SLOPEi XL¡ Thlrd group 

• • 
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TITLE : The TITLE must consist of 80 characters or less. 

Oo: Effluent Flow Rate (m3/sec.) 

Qr: River Flow Rate (m3tsec.) 

Co : lnitial Excess Concentration 

Ca : Ambient Concen\ration 

A : Dilution Factor 

NSUB : Number of Subreaches 

RADi: 

B¡: 

DEPTH¡: 

Radius of Curvatura of the i'th subreach (m) 

Width of the ith subreach (m) 
Averaged depth of the i'th subreach (m) 

SLOPEi : River Slope of the i'th subreach 

XL¡: Downstream end of the rth 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. lf the number or subreaches is j, the Third 

group will be constituted by j lines. 

See next page for an example of Input file. 
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3. ExampJe of l □ Put file 

Study of the McKenzie River Flrst group 

0.68 
53.83 

1.0 Second group 
.o 

1.0 

9 

o. 18.8 1.5 .001 20.9 
O. 12.5 1.5 .001 64.7 
O. 13.6 1.5 .001 114.8 
o. 16.7 1.5 .001 195.2 

300 18.8 1.5 .001 277.7 Thlrd group 
300 11.5 1.5 .001 294.5 
300 10.4 1.5 .001 325.0 
110 10.4 1.5 .001 328.9 

15 5.0 1.5 .001 329.3 

A zero in the input file, correspond to an infinit value of the 
radius of curvatura. 
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MAIN Program -

• • Read information and input data Subri utine 01ST 

• Computation of the maximum 
shoreline concentration using 

- Co 
dis 

mputation of the longitudinal 
.tance downstream to the 

Eq.32 
- Call subroutine ERFC to 

perform the numerical 
integration process of 
Eq.32 

eff 

- Coi 
. 
. 
-

uent discharige 

putation of : 
Manning's coefficient 
Shear and cross sectional 
averaged velocities 

- Computation of the isopleth surface . Oiffusion factor 
area for different values of the . Variance of the normal 

probability density function dimensionless concentration 
contour using Eq. 31 

• Test another case or call exit 

' 

. 
Subroutine ERFC 

• Numerically evaluate the 
accumulative Gaussian 
Probability function 

j 1 ~ 

r-¡ 
Subroutine GEQUAT QUAT 

. 31 • lntegrate Eq. 31 

• Call subroutine ERFC to perform 
the numerical integration process 

ne ERFC to perform 
cal integration process 

• Computation of : • Computation of : 
- Plume width - Plume width 
- Partial area - Partial area 

Fig. 6 General flow chart 
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MAIN Program 

...-----,~94 Read-in required information 

COMPUT ATION of the MAXIMUM SHORE 
LINE CONCENTRATION 

lnitialize values and set some constants 

Yes 

CALL DIST 
X{i) • X{i-1) + fi X 

if X{i) • XoG), j • j+1 

Computation of each term of Eq. 32 
by using the subroutine ERFC 

Print X{i), Cmax-Ca, Dilution 

-JIU#,!;¾► Ji *'" *i,;,',,,Q,.,l!(.J.t,.OO:\U;:;J46ittNI\IZt;# .:C:,4XWr) P .. AAZJ@W404,J.;;;;:;:;¡.¡¡t.JQiWUt .44.,.4¾SW\ 
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COMPUTATION of the ISOPLETH SURFACE AREA 
for a Dimensionless Concentratlon Contour equal 

5, .4, .3, .2, .1, .08, .06, .04, .02, .008, .005 

lnitialize values 

CALL DIST 
X{i) • X{i-1) + b,. X 

CALLGEQUAT 

if p(i) < O, KK • KK+1 

if p(i) > p{i-1 ). 
Maximum plume width • p{i) • B 

if p(i) > O, A • A+Area{i). Maximum distance • X(i) 

if KK • 2, Print : 
Dimensionless Concent. Contour, A, Maximum 
plume width, Maximum distance 

if X{i) • Xoü), j • j+1 

Computation of the lsopleth Area Completed 
or X{i) - Xo{j .. Last Subreach) 

nd < 11 
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COMPUTATION of the ISOPLETH AREA 
for 3 specific values of the Dlmensionless 

Concentratlon Contour (Plots) 

Read-in required information 

lnitialize values 

.-----------1 lnitialize values 

4 

CALL 01ST 
X(i) • X(i-1) + L). X 

5 

if i • O and p(i) < O 
Area • O, Plume Width • O, Maximal Distance • .1 

if KK - 1 or p(i) < O, 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 

Mflllil?i$ µ_., ,..,.._..,~~'Oi'!!lr ¡,¡¡l&IXZ: ¾.f:,,31 f,-!;i!l,J?4,,il#J\W!J¼,(,JO,.aj\ll'i!!'1,P!il\W!fa:qtPAW~RJi.kPl$iG,µ;¡t,.;t]lk{4ki(~~ 
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Yes 

t--b 

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. 

Yes 

Fig. 7 Flow chart of the MAIN Program 
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Subroutine DIST 

. Set some constants 

. X(1). 0.1 

lf X(i) ,i;; 50, X(i) • 2 X(i-1) 

lf X(i) > 50, X(i) • X(i-1)+50 

lf KK • 1, X(i) • X(i-1)+5 

lf X(i-1) < X(j) < X(i), X(i) • X(j) 

lf Radius Of Curvatura ~ 25-B, 
Radius Of Curvature • 25-B 

Computation location i of : 
- Manning's coefficient, 

• 32 • 

- Shear and Cross sectional average velocities, 
- Dimensionless transversa mixing coefficient, 
- Diffusion factor, 

Variace of the normal probality density function. 

RE1URN 

Fig. 8 Flow chart of the subroutine 01ST 
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Subroutlne GEOUAT 

Set some constants 

Computation of p using Eq. 31 
knowing the dimensionless 

concentration contour. 

Computation Of The Plume Wldth 
Location i : p-B 

Computation of Area(i) 

RElURN 

Fig.9 Flow Chart of The Subroutine GEQUAT 
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IV. APPUCA TION OF THIS MODEL 

1 . Pmcedures 

The application of the present model is suggested using the 

followmg procedures : 

(a) Measure the flow rates for both of the ambient river and 

the discharge effluent, 

(b) Divide the flow field into severa! sections according to the 

geometric variations. The data of the radius of curvatura, 

the width, the average depth and the slope of the river 

channel are needed at each location to take into account 

the effects of the geometric variations on dilution factor O, 

2. case study 

We now analyse the Weyco Oischarge in the McKenzie River near 

Springfield, Oregon, using the computar code. The slope of the river 

and the average depth are approximatively 1/1000 and 1.5 

respectively. The radius of curvatura, the width of the river and the 

distance from the origin to the downstream end of each subreach are 

shown on Table l. The computation fer 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 [7]. 
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Fig. 1 O Map of the McKenzie River near Springfield, Oregon o 
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Subreach 
Nr. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Table 1 

• 
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Radius Width Downstream 
curvatura end 

(Meter) (Meter) (Meter) 

o. 18.8 20.9 
o. 12.5 64.7 
o. 13.6 114.8 
o. 16.7 195.2 

300 18.8 277.7 
300 11.5 294.5 
300 10.4 325.0 
110 10.4 328.9 

15 5.0 329.3 

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 

dimensionless concentration contours which are contaminated by the 

effluent discharge. 

This case study is a typical illustration of the use of the modal. 

The next section will discuss how well this modal works and how 

accurately this modal can predict plumas with shore attached center 

line discharge into shallow river channels. 
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V. RESULTS 

1. Comparison of the oredicted yalues with the f,eld measured data 

One majar capability of this model is that it ailows 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, 1he present 

model still can predict the expansions and contractions of the 

discharge plume. This feature is depicted in Table II and Fig. 11 

which show the measured and predicted mínimum dilution (inversa 

of concentration) along the near shore as a function of the 

longitudinal distance, of the Kraft Mili Effluent in the McKenzie 

river near Springfield, Oregon, Oecember 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 mínimum dilutions along the shoreline with the 

field data, we find that the predicted model is fairly good 

approximation. 

• 
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Oistance Mínimum Oilution 
downstream 
from source Measured Predicted 

(Meter) 

4.2 2 2.0 
32.4 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 
327.8 24 28.5 
328.9 30 29.0 

Table 2 . Comparison of measured and predicted 

mínimum shoreline dilution. 
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Fig. 11 Comparison of Measured and predicted 

mínimum Shoreline Oilution. 
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Using the flow rate given and the characteristics of the channel 

shape. the output results generated by PSR program are listed in 
Appendix 111. 

Naxt we would like to show the isopleth curves on a strainghtend 

coordinate river channel plane as in Fig. 12. The contaminated 

surtac:a 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. 0n 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. 
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Fig. 12 Predicted lsopleth Areas for the McKenzie River 

near Springfield, Oregon, December 9,1976. 
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THE EFFLUENT DISCHARGE (Meter) 

Fig. 12 Predicted lsopleth Areas for the McKenzie River 

near Springfield, Oregon, December 9,1976. 

2. Consideratjon of heat transfer trom 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 controls 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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Fig. 13 Heat Transfer at the Interface of Water and Air 

Heat exchange at the inteñace 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 

.!1 T' (p,x) = .!1 T(p,x) ex_(~) I'\. pcu 
(42) 

in which .!1 T(p,x) • Temperatura Distribution for complete mixing of 

heated effluent and the ambient river flow given by Eq. 31, K • the 

Suñace Heat Transfer Coefficient assumed independent of x, p • 

Density of Water at Equilibrium Bulk Temperatura of the Water Body, 

• 
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e • Heat capacity of Water Body at Equilibrium Bulk Temperatura. 

Studies have shown that the reduction in temperaturas due to the 

surface heat exchange is less than 10% for each length up to 1 O 

miles. So in most situations the suñace heat exchange effects can 

be neglected without loss of accuracy. 
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VI. 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 plumas in rivers. From the predicted results, 

appropriate discharge rates and discharge concentrations (or 

temperatures) can be extractad for a given river flow to meet the 

requirement of water quality control. 

Comparison of the model results with sorne 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 sorne real world geometries, for example, a branch 

stream meeting sorne other branches to become a main stream, at 

locations downstream of the discharge port. How to make these 

adjustments is yet to be determinad. Most of the thermal plumas 

are stratified and buoyant because of the temperatura 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 temperatura distribution of the 

mixing zone. 

model could 

lf this refinement were successfully done, this 

be extended to deep river channels. 

• • • 

.45. 

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 predictiva model is needed in the 

preparation _ of environmental impact statements for pre­

operational site studies and also useful in post operational 

studies. lt 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 ptant operations. 

• 

'~.,WK. ~-MP Jhh ,;tL.KOOstt¡tu JSW a;:;Q Q&4t,l µ, O! a,} p .:Wh!MCiilWIA* 4qas;; 4 w µz IJ§liil$,4%, 4 ¿z_ U & • ªª 44\ t4, ;;.za AQ,1 a; @? _µ ,. Pi#.$ 4 ;; , •• hM.hN 1f %! MI 41 «;ut,44 



• • • 

BIBLIOGRAPHY 

1. Fischer, H. B. , • The Effect of Bends on Dispersion in 
Streams", Water Resources Research, Vol. 5, No. 2, Apñl 1969, 
pp. 496-506. 

2. Holly, E. R., "Transverse Mixing in Rivers," Report No. S 132, 
Deftt Hydraulics Laboratory, Delft, The Netherlands . 

. 3. Leendertse, J. J., "A Water-Ouality Simulation Model For Well 
Mixed Estuaries and Coastal Seas, 1, Principie of 
Computation, • Memo RM-6230-RC, Rand Corporation, Santa 
Monica, California, 1970. 

\~,.;;; .!!!!;iil'1r;, 

4. Paily P. P., and Sayre W. W., "Modeling for Shore-Attached 
Thermal Plumes in Rivers•. Journal of the Hydraulics Division, 
ASCE, Vol. 104, No. HY5, May 1978, pp. 709 

5. Sayre W. W., "Natural Mixing Processes in Rivers", 
Environmental lmpact on Rivers, Shen H. W., ed. and publisher, 
Ft. Collins, Colo., 1973, Chap. 6. 

6. Sayre, W. W., and Chang, F. M., "A Laboratory investigation of 
the Open Channel Dispersion Process for Dissolved, Suspended 
and Floating Dispersants," U. S. Geological Survey· Professional 
Paper 433-E, 1968. 

7. Thut R. H., Personal Communication, Weyherhaueser Company, 
Tacoma, Washington, Nov., 1979. 

8. Yotsukura, N., and Cobb, E. D., "Transverse Diffusion of 
Solutions in Natural Streams," United States Geological 
Survey Profeesional Paper 582-C, 1972. 

9. Yotsukura, N., and Sayre, W. W., "Transverse· Mixing in Natural 
Channels", Water Resources Research, Vol. 12, No. 4, August 
1976, pp. 695-704 

, .. +.:i.,¾;'1{4$!!42itj0J,.",} M!i@CQl,iWll,i4ili\l)Ql,#it:p1$\¾(ic;¡:(PM,:P.4é 7).4#;:M\'l,,UW 6lf .i\9,41,14. ¡; l J. P Ulli\!\IM#iif.\' 

~ • 

APPENDIX 111 

OUTPUT LISTING OF THE MCKENZIE RIVER 

CASESTUDY 
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McKenzie River 

SUBREACH 
NR. 

RADIOS 
CURVATORE 

{Meter) 

WID'l'lf 

(Meter) 

• 

AVERAGE 
DEPTH 

(Meter) 

SLOPE 

• 

DOWNSTREAM 
END 

(Meter) 

---------------- ------------------------------------------------
1 
2 
3 
4 
5 
6 
7 
8 
9 

o.o 18.8 1.5 0.00100 
o.o 12.5 1.5 0.00100 
o.o 13.6 1.5 0.00100 
o.o 16.7 1.5 0.00100 

300.0 18.8 1.5 0.00100 
300.0 11.5 1.5 0.00100 
300.0 10.4 1.5 0.00100 
110.0 10.4 1.5 0.00100 
15.0 5.0 1.5 0.00100 

Vol'IDletric discharge rate of thermal 
effluent (1113/s) : Qo .••.•.•.•••..••..•• • • > 0.68 
River discharge {m3/s) : Qr .............. > 
Initial excess concentration: Co ........ > 
Ambient concentration: Ca ............... > 
Initial dilution factor: a .............. > 
Number of subreaches ..................... > 

53.83 
1.000 
0.000 
1.00 
9 

20.9 
64.7 

114.8 
195.2 
277.7 
294.5 
325.0 
328.9 
329.3 
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~XIMUM SHORELI:NE CONCENTRATION 

Distance 
Dilution 

DISTANCE 

Meter 
(Co-Ca)/(Cmax-Ca) 

emax-ca 

;;....• . 

• • 

DIWTION 
-----------------------------------------------------------------0.1 

0.2 
0.4 
0.8 
1.5 
3.0 
6.0 

12.0 
20.9 
25.0 
50.0 
64.7 

100.0 
114.8 
150.0 
195.2 
200.0 
250.0 
277.7 
294.5 
300.0 
325.0 
328.9 
329.3 

0.999984E+OO 
0.997750E+OO 
0.969251E+OO 
0.873379E+OO 
0.735396E+OO 
0.569789E+OO 
0.423010E+OO 
0.306725E+OO 
0.234955E+OO 
O.l83033E+OO 
0.992998E-Ol 
0.834794E-Ol 
0.671218E-Ol 
0.626402E-Ol 
0.580149E-01 
0.533476E-01 
0.526106E-Ol 
0.463962E-01 
0.437788E-Ol 
0.413972E-Ol 
0.404602E-Ol 
0.368824E-Ol 
0.344331E-Ol 
0.218988E-Ol 

:>WNSTREAM END OF THE LAST SUBREACH 
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., 

1.000 
1.002 
l.032 
l.145 
1.360 
l. 755 
2.364 
3.260 
4.256 
5.464 

10.071 
11.979 
14.898 
15.964 
17.237 
18.745 
19.008 
21.553 
22.842 
24.156 
24.716 
27.113 
29.042 

-45.665 
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iSOPLETH SURFACE AREAS 

Maximum Distance: Meter 
Maximum Width: 

Meter from discharge bank 
Area: Meter**2 
Dimensionless Concentration 

Contour: (C-Ca)/(CO-Ca) 

DIMENSIONLESS 
ONCENTRATION CONTOUR 

AREA 

••••~--• w~,------
0.500 
0.400 
0.300 
0.200 
0.100 
o.oso 
0.060 
0.040 
0.020 
0.008 
0.005 

0.1214E+Ol 
0.2591E+Ol 
0.5574E+Ol 
0.1270E+02 
0.3823E+02 
0.6194E+02 
0.1512E+03 
0.6396E+03 
0.1245E+04 
0.1751E+04 
0.1960E+04 

• 

MAXDltJM WIM'H 

• 

MAXIMUM 
DISTANCE 

------~-----, 0.237E+o0 
0.288E+o0 
0.378E+o0 
0.571E+OO 
O.lOSE+Ol 
O.llSE+Ol 
0.133E+Ol 
0.267E+Ol 
0.542E+Ol 
0.798E+Ol 
0.902E+Ol 

6.0 
12.0 
20.9 
25.0 
so.o 
75.0 

135.0 
305.0 
329.3 
329.3 
329.3 
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:OPLETH SURFACE AREAS 
(PLOTS) 

Distance Froa Effluent Discharge Meter 
Lateral distance (Plume Width) : 

Meter froa discharge banlt 
Area : Meter••2 
Dimensionle- Concentration contour 

(C-ca)/ (Co-Ca) 

:STANCE DIMENSIONLESS 
CONCENTRATION CONTOUR 

• 

:====•==== • -============z 
0.100 0.200 0.500 

--------------------------------------------------------------------PWME WIDTH AREA PLOME WIDTH AREA PLOME WIDTH AREA 
·--------==-====-==-=--:i:=¡: = •====w =mrmrmm•=~==-==----=-=----

O.l O.J079E+OO O.JOSE-01 0.2837E+OO 0.284E-Ol 0.2375E+OO 0.237E-Ol 
0.2 O.JJ7lE+OO 0.645E-Ol 0.3029E+OO 0.587E-Ol 0.2375E+OO 0.475E-Ol 
0.4 O. 3784E+OO 0.140E+OO O.JJOOE+OO 0.125E+OO 0.2375E+OO 0.950E-Ol 
0.8 0.4J67E+OO 0.315E+OO 0.3683E+OO 0.272E+OO 0.2J70E+OO 0.190E+OO 
1.5 O.SlOOE+OO 0.672E+OO 0.4158E+OO 0.563E+OO 0.2JOOE+OO 0.356E+OO 
3.0 0.6196E+OO 0.160E+Ol 0.4819E+OO 0.129E+Ol 0.1710E+OO 0.701E+OO 
6.0 0.7608E+OO O.JSBE+Ol 0.5487E+OO 0.293E+Ol O.OOOOE+OO O.l21E+Ol 

12.0 0.9250E+OO 0.943E+Ol 0.5715E+OO 0.636E+Ol 
20.S 0.1054E+Ol O.l88E+02 0.4578E+OO 0.114E+02 
25.0 O. 7569E+OO 0.219E+02 o.ooooE+oo 0.127E+02 
50.0 O.OOOOE+OO O.J82E+02 

'<:oº 

OISTANCE 

• • 

DIMENSIONLESS 
CONCENTRATION CONTOUR 

• 

aam•rmrm ---rmmmr www .- •••..:c:-•=•==•==-==•======•===•==I 
0.020 o.oso o.oso 

PWME WIDTH AREA PLUME WIDTH AREA PLUME WIDTH AREA -wm m==-wewmw•wawaw1aaww•••••-•=~=-a 

0.1 O.J504E+OO 0.350E-Ol 0.3279E+OO 0.328E-Ol 0.3147E+OO 0.315E-Ol 
0.2 0.3971E+OO 0.748E-Ol 0.3653E+OO 0.693E-Ol 0.3467E+OO 0.661E-Ol 
0.4 0.4633E+OO 0.167E+OO 0.4183E+OO 0.153E+OO 0.3920E+OO 0.145E+OO 
0.8 0.5568E+OO 0.390E+OO 0.4932E+OO 0.350E+OO 0.4559E+OO .0.327E+OO 
1.5 0.6747E+OO 0.862E+OO 0.5875E+OO 0.762E+OO 0.5364E+OO 0.702E+OO 
3.0 0.8549E+OO 0.214E+Ol 0.7308E+OO 0.186E+Ol 0.6575E+OO 0.169E+Ol 
6.0 O.llOSE+Ol 0.546E+Ol 0.9251E+OO 0.463E+Ol 0.8173E+OO 0.414E+Ol 

12.0 0.1443E+Ol 0.141E+02 0.1177E+Ol 0.117E+02 0.1013E+Ol 0.102E+02 
20.9 0.1790E+Ol O.JOOE+02 0.1419E+Ol 0.243E+02 0.1184E+Ol 0.208E+02 
25.0 0.1448E+Ol 0.360E+02 0.1109E+Ol 0.289E+02 0.8856E+OO 0.244E+02 
so.o 0.2271E+Ol 0.928E+02 0.1486E+Ol 0.660E+02 0.8342E+OO 0.465E+02 
64.7 0.2551E+Ol O.lJOE+OJ 0.1528E+Ol 0.885E+02 0.4404E+OO 0.588E+02 
75.0 0.2911E+Ol 0.160E+03 0.1656E+Ol 0.106E+03 O.OOOOE+OO 0.619E+02 

100.0 0.3178E+Ol 0.240E+OJ 0.1567E+Ol 0.147E+OJ 
114.8 0.3307E+Ol 0.289E+03 0.1469E+Ol 0.170E+OJ 
150.0 0.4234E+Ol 0.438E+03 0.1582E+Ol 0.234E+OJ 
195.2 0.4420E+Ol 0.637E+OJ 0.1136E+Ol 0.305E+OJ 
200.0 0.5009E+Ol 0.662E+OJ 0.1149E+Ol 0.311E+03 
220.0 0.5138E+Ol 0.764E+OJ O.OOOOE+OO 0.329E+OJ 
250.0 0.5298E+Ol 0.923E+03 
277.7 0.541BE+Ol 0.107E+04 
294.5 O.J377E+Ol 0.113E+04 
300.0 0.3075E+Ol 0.11SE+04 
325.0 0.3144E+Ol 0.123E+04 
328.9 0.3173E+Ol 0.124E+04 
329.J 0.9823E+OO 0.124E+04 

-oWNSTREAM END OF THE LAST SUBREACH 
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13. C~ORMIX - USER'S GUIDE FOR THE CORNELL 
MIXf~G ZONE EXPERT SYSTEM 

c:oRMIXl 
C:ORMIX2 
CORMIX3 
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ZONE EXPERT SYSTEM (CORMIX) 
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QSER,'S GUXDE fOR THE CQRNELL MIXIHG ZQHJ EXPER'f SYSTEM CCQJ!MXX) 

To evaluate the potential impacts of effluent discharges 
into receiving waters, environmental engineers must make 
estima.tes of plWlle geometry and dilution c:haracteristics. 
Previous National Council investigations have reviewed: (a) the 
u- of aerial photogrammetry and fluorescent spectroscopy to 
evaluate the dispersion of Jcraft effluents from ocean outfalls, 
(b) simple estuarine analysis techniques to estimate average 
dilution rates, and (e) some outfall dispersions modela. These 
subjects are the contents of HCASI Technical Bulletins No. 231, 
236 and 486. 

The recently reissued "TSD for Water-quality Based Toxica 
Control• has accentuated the need to understand the projectory 
and dilution characteristics of effluent discharge■, particularly 
near outfall structures. To ... t thi■ need, EPA funded the 
development of the Cornell Mixing Zone Expert Systu (CORMIX) 
wbich is a series of software subsystus for the analy■i■, 
prediction, and design of aqueous toxic or conventional pollutant 
discharges into diversa water bodies. Although its -jor 
emphasis is on the prediction of pluae g-try and dilution 
characteristics within a receiving water•• initial mixing zone so 
that c0111pliance with regulatory constraints uy be judged, the 
syst- also predicts the behavior of the discharge pllllle at 
l.arger distanc-. The highly user-interactive CORMIX system (a) 
is i.Japl-ented on microcomputers (IBK-PC, or c011patible), (b) is 
being prometed and distributed fr- of charge by EPA'• Center for 
Exposure Assessment Modeling, and (e) allows _users with little or 
no training in hydrodynamic modeling to evaluate the dilu~ion 
characteristics of existing effluent discharge structurest and 
malte reco-•ndations on design changas to -•t the chronic and 
acute concentration goals stated in the Toxica TSD. 

-Continuing in ita program to revi- 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 vorked cooperatively with 
CORMIX'• developer, Professor Gerhard a. Jirka of Cornall 
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uniftrsity, to devalop a usar•• .anual Wbich vill (a) acquaint 
indaatry persOMel Vith CORMIX'• f .. turu and liaitations and .(b) 
a-ist inexperienced and infrequent usara vith input davelopaent 
and output intarpretation. 'l'hi• report is the result of that 
effart. 

oua to the apparent deptb of preparation Wbich vent into tha 
development of tbe CORJIIX systeas and tha fact that they bave 
been presentad in the peer-revieved literatura, NCASI staff bave 
not independently evaluatad tba IIOdeling usuaptions usad or 
verified the computational accaracy of the CORKIX software. 
NCASZ is monitoring field applications of the CORKIX syst-■ and 
vill undertalca a 110re detailed reviev of th- if the need ari .... 
In llddition to the routine inspection of sillulation r .. lllta for 
reasonableness, potential users should exercise extra caution~ 
vhen using simulation resUlta for regulatory or design purposea, 
until such time that the prograas have 1>een d-onstrated to be 
errar free. 

'l'his report -• co-authored by Dr. Jirka, Professor and 
Director of the Del"rees HydraUlics Laboratory within the School 
of Civil and Environaental Engineering at Cornall university and 
Dr. steven w. Hinton, Researcb Enginur at the NCASI Nortbaast 
Regional Center. Dr. Binton managed thi■ project and editad the 
raport into ita pruent fon with aaaistance fro■ Nancy Bartlett 
also of the Nortbeast Regioaal Center staff. Qu .. tions or 
commenta on the contenta of this reportare velcoae and should be 
directad to Dr. Hinton at the NCASI Nortb ... t Regional cantar, 
Tufts Oniveraity, Departaeat of Civil Enginaering, 001 Anderson 
Hall, Medford, Hassachusetta 02155, telephona (617) 627-3254. 

t ~~~ 

Very trUly yours, 

,~~ 
Dr. Isaillh Gellllan 
President 
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USER'S GtJJ:DE FOR TBE CORIIJELL 
MrxrNG ZONE EXPERT SYSTEM CCQRNJX) 
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• 

ABSTRACT: A user's guide for tbe Cornell Mixing Zona Expert Syst­
(CORMIX) is presentad. CORMIX is a ser.i- of software 
subsystema for tb• analysis, prediction, anc:l d-iCJD of 
aqueous toxic or conventional pollutant discharg- into 
diver- water bodies. Its major eaphasis i.s on tJla pre­
diction of plwae geoaetry and dilution cbaracteristics 
witbin a receiving water•s initial. mixing zona so that 
compliance witb regulatory constraints aay be judged. 
The syst- also predicts the l:>ehavior of tbe di■charge 
plwae at largar distances. The higbly user-interactive 
CORMIX syst- is implemented on •ic:roc:omputers (IBII-PC, 
or compatible), and consists of tbree subsystems: 

CORMIXl. for submerged single port discharg-, 
--- CONUX2 for submerged multiport diffuser discharges, 
--- CORMIX3 for buoyant surface discharg-. 
The user•s guide gives a c011prehensive anc:l unifona 
description of all tbree CORNIX subsysteas; it provides 
guidance for assembly and preparation of required 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. 

XEYWORDS: CORMIX, Cornell Mixing Zone Expert Syst-, mixing zones, 
effluent dilution, discharge structures, initial JIÍxing, 
surface water quality models. 
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The cornell Mixing Zona Expert System (COJIMIX) is a serie• 
of sottware suhsyst._ for the analysis, prediction, and duign 
of aqaeous toxic or conventional Pollutant dillCharqes into 
diversa water bodi••• It vas developed under cooperativa funding< 
agr._nts (1) for u.s. EPA and is the reco~ed analysis tool 
in key guidance docwaents (2,3,4) on the permitting of 
industry disc:harges to receiving waters. Although the system•• 
major -phasis is on predicting the qeometry and dilution 
characteristics of the initial aixing zona so that compliance 
with acute and chronic regulatory constraints uy be judged, the 
systea also predicts the behavior of the discharge plwae at 
largar diatances. 

The highly user-interactive CORMIX system is ilipl-~nted on 
IBH-PC/XT/AT compatible ■icrocoaputers, utilizas an •expert• 
syat ... approach to data input and processing, and consists of 
three suhsystems. These are: (a) CORMIXl for the analysia of 
subiaerged single port discharges, (b) CORMIX2 for the analysis of 
•~d multiport diffuser discharges and (c) CORMIX3 for th• 
analysis of buoyant surtace discharges. Without specialized 
training in hydrodyna■ics, users can malee detailed predictions of 
mixing zone conditions, c:hec:Jt coapliance with regulations and 
readily investiqate the performance of alternativa outfall designa. 

Several factora provided the original i.mpetua for syst­
develapaent including: (a) the considerable co■plexity of ■ixinq 
processes in tha aquatic environ■ent, resulting froa tha gr-t 
diversity of disc:harge and sita conc:litions and requiring advanced 
knowledge in a specialized field of hydrodynamics; (b) the 
failure of previously existing llodels (e.g. the U.s. EPA plwae 
modela (5) originally developed for municipal disc:harges in deep 
coastal water■) to adequately predict often routine discharge 
situations, especially for more shallow inland sitea; (c) the 
issuance by the u.s. EPA of additional guidelines (6) for the 
permitting of toxic aqueous disc:harges, placing yet another 
burden on both applicants and regulators in delineatinq special 
zonas for the initial ■ixing ot these aubstances; and (d) the 
availability of new computar -thod•, so-callad expert systema, 
for aaJcing accessible to the user, vithin a simple personal 
computing environment, the expert•a knowledge and experience in 
dealini, vith c0111plex enqineerinq probl._. 

"l'bree separata publicationa (7,8,9) describe the scient­
ific basis for the CORMIX syst-, d-onstrate co■parison and 
validation With field and laboratory data, and ••rv• as user•• 

• • • 

-2-

■anual■ for modal application. The reault■ ot these works are 
•~izad in the peer-revievad literatura (10,11,12). The 
CORMIX syst- approach and its perforunce relativa to the 
earlier o.s. EPA plwae models in the context of utuarine 
applications i■ also deacribed in EPA'• technical guidance aanual 
for performing waate load allocations in estuaries (13). KCASI 
has not independently evaluated the aodeling aasu■ptions used or 
verified the computational accuracy of the CORMIX software. 

EPA'• long ranga goal is to make the CORMIX sy■t- fr-ly 
available to all potential users through its IIOdeling software 
distribution facility at the o.s. EPA Center for Environaental 
Aase■-•nt Modeling (CEAM) in Athena, Georgia. so.e of the 
CORHXX auhayatems have been available to the industrial and 
regulatory uaer communities since Decellber 1989 Vben diatribution 
of comax1 vas eommenced by cornell Oniveraity for<the purpose of 
identitying auhtle programming error■ through application to 
actual ai.xing zone analysis problema by a controlled users group. 
After this testing vas deemed complete, CEAK co-ced the 
distribution of comax1 in Kovember 1990. A si.Ailar approach is 
being uaed to introduce CORMDC2 vhich is acheduled to begin CEAll 
distribution in October 1991 and to introduce CORl[[X3 vhich is 
c:urrently undergoing initial user teating. This Technical 
Bulletin covers versions available as of August 1991 including: 
comax1, Veraion 1.30, August 1991; CORMDC2, Veraion 1.20, August 
1991; and CORMIX3, Version 1.10, August 1991. 

The objectivea ot this user•• guida are as follovs: (a) to 
provide a comprehensiva and uniform deacription ot<all three 
CORMIX ■ubsystems; (b) to provide guidance for aa■~ly and 
preparation of required input data; (c) to delin-te ranges of 
applicability of the three auhsyat--; (d) to provide guidance 
for the interpretation and graphical display of syat- output; 
and (e) to illustrate practical ayat- application through 
several case atudiea. 

Thia bulletin is organizad to meet the infomtional needs 
of two distinctly ditferent group■ of r-ders; personnel in envi­
ronmental management poaitiona desiring an overviev ot the CORIIIX 
•Y•t-- capabilitiea and technical staff needing aasistance in 
actual applications. section II providea a auwry of the pbysi­
cal processes of eftluent mixing, as -11 asan overvi- ot the 
regulatory background and practica on ■ixing zone applications. 
The general featurea of the CORMIX syst- are explained in 
section III including summaries of: (a) predictiva capabilitiu 
and 11.mitationa, (b) overall sy■t- structure and -thod ot 
proceasing 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 aubsy■~, 
is given in section ¡y. section Y i;,rovidea a deacription of 
syst- output, containing both descriptiva and quantitative nu­
merical information on the predicted effluent flov. The cloaing 
remarks in section VI contain infomtion on ayate. availability 
and user support, and on future syst- developments and enhan~ts. 
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Appendice• to thia guida preaent tllree - st'Udi- on tbe 
application of all thr•• CORMIX aubsy•~. n.■e ara adaptad 
froa actual aituations and illuatrate tba coaplate input require­
aent• and output capabiliti•• of the syateas. In addition, •eme 
of th• asSW11ptions on data schematizat~on, prabl- aiaplifi- • 
cation, output interpretation, and constructian of graphical 
display• are discussed in a context typical of aany llixing zona 
aoclel applicationa. 

n: BAQ!'.G'89YNP; MXX:Xfili PRQCESSJS MP NYJJJf§ IQHI QGPLATJQNS 

When performing desiqn vork and predi.et!- studie• on 
effluent discharge problems, it is iaport:ant to clearly 
distinguish between the physical -pecta of ll)dro4ynaaic aiziag 
procea•e• that determine the effluent fate and distribution, and 
the adlllinistrative construct of aiziilg son• regal&tions that 
intend to prevent any haraful iapact of the effluent on the 
aquatic environment and associated uses. 

A. Bydrodynamic Hixing Processes 
The mixing behavior of any wutewater disc:b&rge is governed 

by the interplay of ambient conditions in the receiving water 
body and by the discharge characteristica. 

The llllbient conditions in the receiving water body, be it 
streaa, river, lake, reservoir, eatuary or coast:al watera, are 
described by the water body•• geoaetric and dynutic cbaracter­
istic•. Iaportant geoaetric paraaeter• includa plan shape, 
vertical crosa-sections, and bathyaetry, espec:ially in the dis­
charge vicinity. Dynaaic characteristica are given by the veloc-· 
ity and density distribution in tha water body, again prillarily 
in tha discharge vicinity. In aany cases, th- conditions can 
be takan as steady-state with littla variation llecause the tiaa 
scala for the aixing processes is usuall:, of tlla order of minutes 
up to perhaps one hour. In soma cases, notably tidally influ­
enced flo-, the ambient conditions can be bigllly transient and 
the asswaption of steady-state conditions aa:, lle inappropriate. 

The discbarge condition■ relate to the ~trie and flux 
characteristica of the submarged outfall installation. For a 
single port discharga the port diaaeter, it■ elavation abova tha 
bottoa and its orientation provide the geoaetxy; for 11Ultiport 
diffuser installation■ the arrangeaent of tbe individual porta 
along the diffuser line, the orientatibn of tbe diffuser line, 
and construction details represent additional 1)80lletric features; 
and for surface discharges the cross-section and. orientation of 
the flow entering the ambient watercourse are Ülportant. The 
flUJC characteristics are given by the effluent discharge flow 
rate, by its aomentua flux and by its buoyancy flux. The 
buoyancy flux representa the effect of the relativa density 
difference between the effluent discharge and aabient conditions 
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in coabination vith gravitational accalaration. It is a wsura 
of tbe tendancy for the atfluent flow to ri•• (i.a. poaiti..,.• 
IMao"fUICJ) orto fall (i.e. naptiva lnloyancy). 

Tba bydrodyDaaics of an effluent continuously diacharging 
into a receiving water body can be concaptualizad •• a aixing 
procau occurring in two separata regions. In th• firat ragion, 
tha initial jet cbaracteristics of aoaantum flux, buoyanq, flux, 
and outfall geoaetry influenc• the jet trajactory and aixing. 
This reqion will be referred to as the •-ar-field•, and 
encoapass• tba buoyant jet flow and any surfaca, bottoa or 
terllinal layar interaction. In this near-field ragion, outfall 
designera can usually affect tbe initial aixirig characteristics 
througb appropriate aanipulation of design variables. 

As the turbulent, plume trave+s further away froa the source, 
tbe soarce characteristics becoae lesa iaportant. Conditions 
existing in the ambient environaent will control trajectory and 
dilution of the turbulent plwae through buoyant spr-ding aotions 
and passive diffusion due to aabient turbulence. · This region 
will be referred to here as the "far-field•. It is stressed at 
this point that tbe distinction between near-field and far-field 
is -de purely on hydrodynaaic grounds. It is unrelated to any 
regulatory aixing zone definitions. 

(1) Bear-Field Processes- Three important types of near-tield 
proc-se■ are subaerged buoyant jet aixing, boundary intaractions 
and surface buoyant jet aixing as deacribed in the following 
paragraphs. 

Sullaargad Buoyaat Jet Kizings The effluent flow fr011 a sublllergad 
discharqa port provid .. a velocity discontinuity betwean the 
discbarged fluid and the ambient fluid causing an intense 
shearing action. The shearing flow breaks rapidly down into a 
turbulent aotion. The width of the zona of high turbulenca 
intensity increases in the direction of tha flow by incorporating 
c•entraining•) acre of the outside, less turbulent fluid into 
this zone. In this aanner, any internal concentrations (e.g. 
fluid -.ntum or pollutants) of the discharge flow become 
diluted by the entrainment of Ulbient water. Inversely, one can 
speak of the fact that both fluid aoaentum and pollutants beco•• 
gradually diffusad into the ambient field. 

The initial velocity discontinuity aay arise in different 
tasbions. In a •pura jet" (also callad •moaentum jet• or •non­
buoyant jet•), tbe initial moaentua flux in the tora of a high­
velocity injection causes tha turbulent mixing. In a •pura 
pluaa,• the initial buoyancy flux leads to local vertical accel­
rations Whicb tben 1-d to turbulent aixing. In the general ca­
of a •baoyant jet• (also called a •torced pluae•), a coabination 
of initial 11011entum flux and buoyancy flux is responsible for 
turbulent aixing. 
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Tbus, buoyant jets are characterized by a nlirrov turblll.ent 

fluid zone in vbich vigorous aixing takes place. Furtheriaore, 
depending on diacharge orientation and dir-=tion of buoyant 
acceleration, curvecl trajectories are generally establisbecl in a 
stagnant unifora-density environmant as illustrated in Fiqyr• la. 

Buoyant jet ■ixing is furtber affectecl by aabient currents 
and density atratification. Tbe role of -■bi-t oarr-1:a i• to 
gradually deflect tbe buoyant jet into tbe current direction as 
illustrated in Figure lb and tbereby induce additional aixing. 
Tbe role of ambient 4eaaity stratificatioa is to counteract tbe 
vertical acceleration witbin tbe buoyant jet 1-ding ulti■ately 
to trapping of tbe flow ata certain level. •Figura le shows a 
typical buoyant jet sbape at tbe trapping or ter■inal level. 

Finally, in case of multiport diffusers, tbe individual 
round buoyant jets bebave independently until tbey interact, or 
■erge, witb each otber ata certain distance froa the efflux 
ports. Mter aergiDg, a two-diaensional buoyant jet plana is 
foraed as illustrated in Figure ld. Such plana buoyant jets 
resulting from a multiport diffuser discharge in deep water can 
be furtber affected by ambient currents and by density stratifi­
cation as discussed in tbe preceding paragrapb. 

ltoaadary Interactioa Proce•••• aad Kear-Piel4 8tability1 Allbient 
water bodies always bave vertical boundari-. Tb-• include tbe 
water surface and tbe bott011, but in addition, •internal 
boundaries• aay exist at pycnoclines. Pyoaoclin- are layers of 
rapid density change. Depending on tbe dynaaic and geoaetric 
cbaracteristics of tbe discharge flow, a variety of interaction 
pbeno■ena can occur at such boundaries, particularly Wbere flow 
trapping aay occur. 

In essence, boundary interaction proc-•es provide a trans­
ition between tbe buoyant jet aixing procesa in tbe near-field, 
-and buoyant spreading and passive diffusion in tbe far-field. 
Tbey can be gradual and aild, or abrupt leading to vigorous 
transition and aixing processes. Tbey also can significantly 
influence tbe stability of tbe effluent discbarge conditions. 

Tbe asse•-•nt of aear-fiel4 stability, i.e. tbe distinction 
of atable or unstable conditions, is a key aspect of effluent 
dilution analyses. It is especially important for understanding 
tbe bebavior of tbe two-dimensional plumea resulting froa ■ulti­
port diffusers, as sbown by soma ex-ples in Figure 2. •atable 
4iac:harge• conditions, usually occurring for a coabination of 
strong buoyancy, weak aomentua and d-p water, are often referred 
to - •4-p -ter• conditions (Figures 2a.c). •UJlatüle 
discllarge• conditions, on tbe otber hand, -y be considerad 
synonymous to •sballow -ter" conditions (Figure 2b.dl. 
Tecbnical discussions on discbarge stability are presentad 
elsewbare (14,15). 
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A few important exa■ples of boundary int:eraction for a 

singl.e round bl.loyant jet are illustrated ·in figuro 3. If a 
buoyant jet is bent-over by a cros■-flow, it Vill. gradually: 
approac:::h the surface, bott011 or ter■inal lew,l and vill undergo a_ 
sllOOtb tranaition witb little additional aixinq (Figure 3al. 
However, a jet illpingincJ nonaally, or near-normally, on a 
bound.ary will rapidly spread in all directians. Mixinq 
conditiona at this i■pin9-11t point can taka on one of the 
followincJ foras: (a) It tbe flow has sufficient buoyancy it will 
ulti.Jla.tely foni a stable layer at tbe surface (Figure 3bl. In 
the pruence of weak a■bient flow this will l.ead toan upstream 
intruaion aqainst the Ulbient current. (b) If the buoyancy of 
the effluent flow is weak or its momentum very hiqh, unstable 
recirculation phenomena can occur in the discbarge vicinity 
(Figure 3c). This local recirculation 1-ds to re-entrainment of 
alr-dy ■ixed water back into the buoyant jet reqion. (c) In the 
interaediate case, a co■bination of localizad vertical mixing and 
upstreaa spreading may result (figure Jdl. 

Anat:her type of interaction process concerns submergéd 
buoyant jets discharginq in the vicinity of tbe water bottom into 
a stagnant or flowinq Ulbient. Two types of dynamic interaction 
processes can occur that lead to rapid attacmient of the effluent 
plume to the water botto■ as illustrated in Figure 4. These are 
vake attachment torced by the receivinq water•s crossflow or 
CO-da attachment torced by the entrainment demand of the 
effluent jet itself. The latter is dueto low pressure effects 
as tbe jet periphery is close to the water bottom. 

&urface Buoy-t Jet Jlizinqz Positively buoyant. jet• discharqed 
horizontally along the water surface from a laterally enterinq 
channe_l or pipe {Figure 5) bear some similarities to the more 
cl-■ical submerged buoyant jet. For a relatively short initial 
distance, the effluent behaves like a momentu■ jet spreading both 
laterally and vertically dueto turbulent mixing. After this 
staqe, vertical entrainaent becomes inhibited dueto buoyant 
damping of the turbulent motions, and tbe jet experiences stronq 
lateral spreading. During stagnant ambient conditions, 
ultillately a reasonably thin layar may be foraed at the surface 
of th• receiving water; that layar can undergo the transient 
buoyant spreadinq motions depicted in figure 5a. 

In the presence of lllllbient crossflow, blloyant surface jeta 
■ay exhibit any one of following three types of flow features: 
They -y forma weakly deflected jet that does not interact with 
the shoreline (figuro 5bl . When the crossflow is stronq, they 
aay attach to the downstream boundary forming a shore-huqqinq 
plume (Figure Sel. When a hiqh discharge buoyancy flux combines 
vith a -k crossflow, the buoyant spreadinq effects can J:le so 
strong tbat an upstrea■ intrudinq plume is foraed that also stays 
close to the shoreline (Figure 5d) . 

Interae4iate-Pield Zffects for.Kultiport Diffuer Discllarqesz 
so- :aultiport diffuser installations induce flows in shallow 
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-ter llbich extend beyond the atrict near-field region. Tbe 
resultinll plu._a are aometi- referred ~ as the •intermediate­
field• (14) becauae they interact with tbe receiving water at 
distanc:es_that are auhstantially greater than the water depth; 
the order . of -gni tude of the va ter deptb is typically used to 
define the diaenaiona of th• near-field region. Interaediate 
fielda -Y occur when a multiport diffuaer represents a large 
aource of aoaentull with a relatively -ak buoyancy effect. Such 
a diffuaer will bave an unatable near-fielcl witb ahallow water 
conditiona. For certain diffuser geo■etries (e.g. unidirectional 
5 staqed diffuaer types; see SCc;tion Vl strong motions can be 
induc:ed in the sballow·water environ■ent in the form of 

-vertically mixed currents that laterally entrain ambient water 
and -y extend over long distances befor• they re-atratify or 
disaipate their aomentum. 

(2) Far-Pield Processes- Far-field mixing processes are 
c:harac:terized by the longitudinal advection of the mixed effluent 
by the allbient current velocity. 

Buoyant: Spr-dinl¡ l'rocusu, '1'21-• are defined as the 
horizontally transversa spreading of the aixed effluent flow 
While it is being advected downstream by the ambient current. 
SUch spreading procusea arise due to the buoyant forces causad 
by the density difference of the mixed flow relativa to the 
ambient density. They can be effective tranaport mechanis- that 
can quicltly spread a mixed effluent laterally over large 
distances in the transverse direction, particularly in cases of 
strong allbient stratification. In thia aituation, effluent·of 
considerable vertical thicknua at the tenainal level can 
collapae into a thin but very vide layer unleas thia is prevented 
by lateral boundaries. If the discbarge is non-buoyant, or 
weakly buoyant, and the ambient is unstratified, there is no 
buoyant apreading region in tbe far-field, only a pasaive 
diffusion region. 

Depending on the type of near-field flow and ambient 
stratification, several types of buoyant apreading may occur. 
Tb-• include: (a) spreading at the water surface, (b) apreading 
at the bottom, (c) spreading ata sharp internal interface 
(pycnocline) with a density juap, or (d) spreading at the 
ter.inal level in continuoualy stratified ambient fluid. 

Asan exa■ple, the definition diagru and structure of sur­
face buoyant spreading processes so-what downstream of the dis­
charge in unstratified crossflow is shown in Figure §. Tbe lat­
erally spreading flow behavu like a density current and entraina 
so- ambient fluid in the "head region• of the current. During 
this pbaae, the aixing rata is usually relatively small, the 
layar thickness -y decrease, anda subsequent interaction with a 
ahoreline or bank can i■pact tbe spreading and ■ixing procesa••• 

l'as•i- A■!lient Diffuaion l'roceases, Tbe existing turbulence in 
the llllbient environment bec~ the do■inating ■ixing mechani-
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at •~ficiently larga distanc .. from the discharge ~ . _nt. In 
general, the paasively diffusinq flow growa in widtt. and in. 
thicmeaa until it interacta with the channel bottom and/or banlcs 
as illuatrated in Fiqure 7. 

'!'he atrength of the alllbient diffusion -cbani- dependa on a 
nWllber of factora relat~ng mainly to the geoaetry of the aabient 
shear flow and the aaount of allbient stratification. In tbe 
context of claaaical diffuaion theory (16), vradient diftusion 
proc-•ea in the bounded flowa of rivera or narrow estuariH can 
be d-cribed by conatant diffusivitiea in the vartical and 
horizontal direction that depend on turbulent intensity and on 
channel depth or width - the length scal... In contrast, vide 
•unboanded• channel• or open coastal ar-• are characterized by 
pluae size dependent diffusiviti .. leading to acceleratinq pl­
growtb described, for exuiple, by the •4¡3 laW" of diffusion. In 
the presence of a stable ambient stratification, the vertical 
diff\lSive mixing i• generally strongly damped. 

B. Mixinq zone Requlations 
'!'he discharge of waste water into a water hody can be 

considered from two vantage points regarding ita i.mpact on 
ambient water quality. 0n a largar acale, seen over the entire 
receiving water body, care must be taken that -ter quality 
conditiona that protect designated beneficial u .. are achieved. 
Thia i• the reallll of the general waste load allocation (WLA) 
procedures and modela. 

on a local acale, or in the immediate discbarge vicintty, 
additional precautions must be taken to insure that high initial 
pollutant concentrations are minimizad and constrained to nall 
zones, areas, or voluaes. The generic definition of these zonas, 
co-only referred to as •aizing sones•, ia eabodied in federal 
water quality regulationa and often cited in tbe regulations of 
permit granting authoriti... As stated previoasly, aixing zonas 
are administrativa conatructs that are independent of 
hydrodynamic mixing proc .. aea. 

(1) J,cqal Background- Th• c1-n water Act of 1977 defines five 
general categories of pollutants. These are: (a) conventional, 
(b) nonconventional, (c) toxica, (d) h-t, and (e) dredge and 
fill spoil. Th• Act distinguiahes between new and exiating 
aourcas for setting effluent atandards. Pollutants deaignated -
•convantional• would be •generally thoae pollutants that are 
naturally occurring, biodegradable, oxygen deaanding material• 
and solids. In addition, compounda which are not toxic and which 
are similar in characteristica to naturally occurring, 
biodegradable substances are to be designated - conventional 
pollutanta for the purposes of th• proviaion.• Exaaples of 
conventional pollutants are: bioch-ical oxygen d-nd (80D), 
total suspended solida, and fecal coliform bacteria. Pollutants 
desi9J1&ted •• •nonconventional• would be "tho- which are not 
toxic or conventional•, and so- examplea are: ch-ical oxygen 
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deaand (COD), fluoride, and aaaonia. •Toxic• pollutants are 
thoae that cause har■rul effects, either acute or chronic, at 
very low concentrations; exuiples of some d .. ignated toxic 
aUbstances are: nickel, chloroform, or benzidine. 

(2) Mixinq zone Pefinitions- The llixing zona is defined asan 
•allocatecl illpact sone• Wbere nuaeric water quality criteria can 
be exceeded a• long as acutely toxic conditions are prevented. A 
Jlixing zone can be thought of as a U.11ited ar- or voluae where 
the initial dilution of a discbarge occurs (17). Water quality 
•tandard• apply at the boundary of the aixing zone, not within 
the aixing zone itself. The u.s. EPA and its predecessor 
agencies have published nuaerous dOC\lllents giving guidance for 
determining 11ixing zones. Guidance publiahed by u.s. EPA in 
Water Quality Standards Bandbook (1984) supersedea th•- aources. 
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na aetting reqalr-nta for aixinq zonas, u.s. EPA (11) 
requirea that •th• area or voluae of an individual zone or group 
of za- be limitad toan area or voluae as aall - practicable 
that vill not interfere with the deaiqnated ua- or with the. . 
establiahecl comaunity of aquatic lif• in the aegaent for Vbicb 
the u.- are desiqnatecl, • and th• shape be •a siaple confi9-
uration that is -sy to locate in th• body of water and avoids 
iapi.ncJeaent on bioloqically baportant ar-••• and •shor• huggillq 
pl-• ahould be avoided.• 

'l'be o.s. EPA rules for aixinq zones recoqnize th• state bas 
discretion whether or not to adopta aixinq zona and to specify 
its diaensions. Tbe o.s. EPA allows ~ use of a IÚ.Xinq zona in 
perw.i.t applications except vbare one is prollibited in Stat• • 
reqal.ations. A previous r•vi- (7) of individual state IÚ.Xinq 
zone polici- (18,6) found that 48 out of 50 states aaJte uae of a 
mi.xing zone in some tona; the exceptions are Arizona and Pennsyl­
vania. state requlations dealinq with str .... or rivera . 
generally liait aixinq zone vidths or cro••-•ctional ar_., and 
allow lenqths to be deterainecl on a ca--by-ca•• ~is. 

na the case of lakes, estuaries and coastal -ters, soae 
&tates specify the surface uea that can be affected by th• 
discharqe. 'l'be surface area liaitation uaually appli- to ~ 
unc:lerlying water colUJUl and benthic er... xn th• absence of 
specific aixinq zone diaensions, the actual llhape ·and size is 
detarained on a ca--by-ca•• baais. 

Special aixinq zone definitions have been developed for the 
disc:baqe of aunicipa.1. -•t-ter into the coaatal ocean, - reg­
ulatecl under Section 301(h) of the Clean Water Act (H). Often 
the- aame definitions are usecl alao for industrial and other 
discharges into coa.tal -tara or larqe laJces, resultinq in a 
plurality of tenainoloqy. Por thoae diacbarqea, the aixinq .zon• 
-■ labeled u the ••o- of iaitial 4ilutioa• in wtdcb rapid 
aixinq of the vasta atreaa (uually the risinq buoyant freah 
water pluma vithin the aabieat nlin• -ter) tak- place. EPA 
requires that the •zone of initial dilution• be a reqularly 
shaped erea (e.g. circular or rectangular) surroun4inq the di■-
charl¡e structure (e.9. subaerged pipe or diffuaer line) that •ncaapas••• the rec¡ions of hiqh (exceedinq standerds) pollutant 
conc:entrations unc:ler deaiqn conditions (19). i:n practice, 
liaiting boundaries defined by diaensions equal to th• water 
depth -•ured horizontally froa any point of th• discberqe 
stracture are accepted by the EPA providecl they do not violate 
otber aixinq zone restrictions ( 19) . 

Cl) Special Mixing zone Bmrlreunt1 for 'faXic Sub§tancu- 'l'h• 
o.s. EPA -intains tvo -ter quality criteria for th• allovabl• 
concentration of toxic substanc-: a criterion aaxiaua concen­
tration (OIC) to protect againat acute or leth&l effects; anda 
criterion continuoua concentration (CCC) to protect aqain■t 
cbronic effects (2). 'l'be OlC value is vr-ter than or equal to 
the ca: value and is uaually the •ore difficulf: of th• tvo 
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criterion to aatiaty. The CCC aust be ■et at the edc¡e of the· 
aaae requlatory aixing zona apecifiecl for conventional·and 
nonconwntional discharq ... 

In order to prevent lethal concentration■ of toxics in the 
regulatory •ixincJ zona, the OIC criterion au■t .be -t vithin a 
short diatance froa the outfall or in the pipe itseU. If 
dilution of the toxic diacbarqe in the Ulbient environaent is 
allovecl, thia requireaent, wtdcb is cOJ111only callad the 1:ad.a 
dilutioa soae ('l'DS), is usually ■ore restrictiva than the let¡al 
aixinq zone for conwntional and nonconventional pollut:anta. In 
th• 1985 Toxica TSD dOCUllent (6), a ainillWI exit velocity ~ 3 
-tara per second (10 feet per second) vas required in arder to 
provide sufficiently rapid aixinq that would ainiaize orqanisa 
expoaure time to toxic -terial. The revisad 1991 Toxics 'f'SD 
docuaent (2) aakes the ainillua exit velocity siaply a rec,-anda­
tion for new discbarqes, recognizinq that the reatrictions listad 
in the following paragraph can in aany in■tances also be aet by 
other designa, especially if the aabient velocity is large. 

The outfall deaiqn aust aeet all of the followinq gea.etric 
restrictions far a TDZ: 

The CMC aust be -t vithin l0t of the distance froa. the edqe 
of the outfall atructure to the edq• of the requlatory 
mixing zone in any spatial direction. 
Th• CMC aust be ••t within a distance of 50 times the dis­
cbarqe lenqth acale in any apatial direction. The disc:barc¡e 
lenqth acale is defined u the square-root of tha crou­
sectional area of any discharqe outlet. Thia restriction is 
intended to ensure a dilution factor of at least 10 within 
this diatance Unc:ler all poaaibl• circuast:ances, inclu4inq 
situations of Hvere bottoa or surtace interaction. • 
'l'h• CMC must be ••t within a distance of 5 ti.aes the local 
water depth in any horizontal direction. The local -ter 
depth is definecl as the natural water depth (exiatinq prior 
to the inatallation of the diacberqe outlet) prevailinq un­
der aixing zona desiqn condition (e.g. low flow for rivera). 
Thia restriction will prevent locatinq the diacbarqe in very 
shallow environaents or very close to shore, wtdcb vould 
result in aiqnificant aurface and bottoa concentrations (2). 

(4) eurrent Eermitting Practice on Mixinq zonas- It is 
difficult to generaliza th• actual practica in iapl~inq 
the aixinq zona requlations, qiven the lerqe nuaber anc:l diversa 
types of juriadictions and penait-qrantinq authorities 
involved. By and larga, however, current procedure falla into 
one of the following approach-, or -y involve a COllbination 
thereof. 

(i) The mixinq zone is defined by soae nuaerical diaension, 
as discussed above. The applicant aust then deaonstrate that the 
existinq or propoaed discbarqe aeeta all applicable standard■ for 
conventional pollutants or for the CCC of toxic pollutants at the 
edge of the specified aixing zone. 
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(ii) No nwaerical definition for a aixing zona -y apply. 
In tJú.s case a mixing zona diaension -y be proposed by the 
applicant. To do so the applicant generally uses actual . 
conc:entration mea•ur~ts for an existing disc:harges, dye 
dispersion tests or aodel predictions to shov at what pluae 
distanca, width, or region, the applicable standard will be -t. 
The a¡,plicant -Y then use further ecological or water use­
orient:ad. arguaents to deaonstrate that the •iz• of that predicted 
regi- provide• r-•onable protection. The peraitting authority 
-Y evaluate that proposal, or so■etime• pursue it• ovn 
indepeadent proposal for a aixing zone. Thi• approac:h reseables 
a negot:iating proce•• with the objective of providing optilial 
protection of the aquatic environment consistent with other uses. 

As reqard• the acute, or CMC, criterion for toxic pollu­
tanta, the spatial restrictions embodied in the Toxics TSD 
doc~ (2) call for very specific d-onstrations of how the OIC 
criterion is aet at the edge of the •toxic dilution zone•. Aqain, 
field tests for existing discbarges or predictiva models -y be 
used. 

(5) Bclationship Betwun Actual Hydrodynamic Procasses and 
Mixipq ZPDO Pi:aensions- The spatial requirwnts in aixing zone 
regul.ations are not alvays correlated with the actual 
hydrod7nuúc processes of aixing. With few exceptions, the toxic 
dilut:!Gn criteria apply to the n-r-field of aost disc:harges 
since tbe TDZ criteria (2) are spatially highly restrictiva. The 
regular aixing zone boundaries, however, aay be located in the 
nea~ield or the far-field of the actual effluent discbarge flow 
sine• tbey are administratively deterained by the perait-qranting 
autbarity. Thus, the analyst aust have tools at hi• disposal 
with t:lle capability to address both the near and far-field 
situations. 

III GENERAL FEATQRES QF THE CQRMIX SYSTEM 

'!lú.s -ction provides a general description of coa■on 
featuras of all three CORMIX subsyst-s. The subsyst-■ are 
CORMDCJ., CORMIX2 AND CORNIXJ for the-analysis of submerged single 
port. swmerged aultiport and buóyant surface outfall 
confi,qarations, respectively. The following two sections give a 
detaiied user•s guida for developing the required input data and 
for understanding progr- output. Reference is made throughout 
this llalletin to the subsystea versions datecl August 1990; other 
vers1- aay differ soaewhat. 

A. Oftryip 

'Die CORMIX systea representa a robust and versatile 
compat:erized methodology for predicting both the qualitative 
featur.a (e.g. flow classification) and the quantitative aspects 
(e.g. clilution ratio, plum• projectory) of the hydrodynaaic 
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aixing processes resulting froa different disc:harge conrigura­
tions and in all types of Ulbient water bodies, including --11 
streaas, large rivera, laltes, reservoirs, estuaries, and coastal 
waters. The -thodology: (a) has been extensively verified by 
the developers through comparison of simulation resulta to 
available field and laboratory data on aixing proce-■- (7,8,9), 
(b) has undergone independent peer review (10,11,12) and (e) is 
equally applicable to a wide ranga of probl-. from a simple 
single submerged pipe discharge into a wmall stream vith rapid 
cross-sectional aixing to a complicated aultiport diffuser 
installation in a deeply stratified coastal water. Syst­
experienc:e suggests that CORMIXl applies to better than 951 of 
submerged single-port designs, CORMIX2 to better than 801 of 
aultiport diffusers, and CORMIXJ to better than 901 of surface 
clisc:barges. 

The aethodology provides answers to questions that typically 
arise during the application of mixing zona regulations for both 
conventional and toxic discharges. More importantly, this is 
accomplished by utilizing the custo-ry approaches often used in 
evaluating and illlpl-enting mixing zones, thereby providing a 
coamon fr-ework for both applicants and regulatory personnel to 
arrive ata consensus view of the available dilution and plume 
trajectory for the site and effluent discharge characteristics. 

The methodology also provides a way for personnel vith 
little orno training in hydrodynamics to inv-tigate iaproved 
design solutions for aquatic discharge structures. To limit 
aisuse, the syst- contains limita of applicability that prevent 
the simulation of situations for which no safe predictiva method­
ology exists, or for discharge geo-tries that are und-irable 
fr011 a hydrodynamic viewpoint. Furthermore, warning labels, data 
screening mechani•-• and alternativa design reco-•ndations are 
~ished by the •Y•t-. Th• syst- i• not fool proof, however, 
and final resulta should always be examinad for reasonableness. 

Finally, CORMIX is an educational tool that intends to -k• 
the user aore Jcnowledg-ble and appreciative about effluent 
clischarge and aixing proc•••-• The sy•t- .is not siaply a black 
box that produces a final numerical or graphical output, but 
contains a interactiva menu of usar guidance, help options, and 

- explanatory material of the relevant physical proce••-• Th-• 
-•ist users in understanding model predictions and exploring the 
sensitivity of model predictions to assumptions. 

a. capabilities and Major Assumptions of tbe Three subsiystns 

CORMIXl predicts the geometry and dilution characteristics 
of the effluent flow resulting from a subaerged single port: 
d.iffuser 4iscbar9e, of arbitrary density (positively, neutrally, 
or negatively buoyant) and arbitrary location and g-•try, into 
-an alllbient receiving water body that may be stagnant or flowing 
and have aabient density stratification of different types. 
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CORKIX2 applies to thre• comaonly usad typas c.: 9Ulaeqe4 
aultiport diffusar disc!lart¡as undar tha sama general affluent and 
ambient conditions as CORMIXl. It analyzes unidiractional, 
staged, and alternating designa of aultiport diffusars and allows 
for arbitrary aliqnment of the diffuser structure within tha 
aabient water body, and for arbitrary arrang-nt and orientation 
of tbe individual ports. CORKIX2 usas the •aquivalent slot 
diffUMr• concapt and thus naglacts the details of tha individual 
jet• issuing fr011 each diffuser port and their 11arqin9 proc•••• 
but rathar asswaas that tha flow arisas fro111 a long slot 
discbarga wit:I!, aquivalent dynamic characteristics. Henca, if 
details of tha effluent flow bahavior in tha llllllediata diffusar 
vicinity are needed, an additional CORKIXl simulation for an 
aquivalant partial effluent flow may be reco-andad. 

CORKIXJ analyzes buoy-t surfaca discharqas that rasult whan 
an affluent enters a largar water body laterally, through a· 
canal, channal, or naar-surtace pipa. In contrast to CORKIX1 and 
2, it is lilllited to positively or neutrally buoyant effluents and 
assuaes a uniform (i.e. unstratified) ambient density. Tha 
latter is nota major limitation because even in actual density­
stratified environments, only the ambient density in the near­
surface layar is dynamically important for th-• discharq- and 
it can readily be asswaed as uniform. Different discharge 
geoaetries and orientations can be analyzed including flush or 
protruding channel mouths, and orientations normal, obliqua, or 
pa.rallel to tha banlt. 

Mditional major assumptions includa th• following. All 
subsystems requir• that the actual cross-saction of the water 
body be d-cribed as a rectangular channel that may be boundad 
laterally or unbounded. Tha ambient velocity is assumed to be 
unifora within that cross-saction. In addition to a uniform 
ambient density possibility, CORKIXl and 2 allow for tour typas 
of a:abient stratification profiles to be used for the 
approximation of the actual vertical density distribution C••• 
section rv1. All CQRMXX subsystems are steady-state mod•l• and •••UN• conservative pollutant without decay or qrowth 
processes, To incorporate such 11echanis- into an analysis, the 
usar can 11odify modal predictions with additional calculations. 

c. systn Procassinq seauence and structure 
All three CORKIX subsystems have an identical syst­

confiquration. Figure e shows the overall structure and the 
exacution saquanca of tha progr- •l-ents of each <."ORKIXn 
subsyste111 whera "n• stands for 1, 2 or 3, respectively. During 
proqraa execution, the elements ara loaded automatically and 
sequentially by the syst-. Each element provida user 
interaction and prompting in response to displayed information. 
This aay s011evhat extend the total time required for a singla 
CORKDCn session, but has offsetting benafit of allowing the user 
to gain proc-• knowledge and insight on dasiqn sensitivity. 
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'l'ba progr- eleaenta of CORMDCn are c011p0aed ot.DATINn, 
PARAMn, CLASSn, BYDROn, and stDfn CFiqur• Sl. DATINn is tbe 
progr- •1-•nt for the entry of data and initialization of otber 
progr- •1-enta. PUAMn ~ the input data to COllpllte a nUJlber 
of iapartant pby■ical par-•ters and lengtb acalea, - prec:uraor • 
to CLlSSn whicb perforas the bydrodynaaic claaaification of tbe 
given clischarge/ambient aituation into one of aany poaaible 
generic flow configurationa. RYDROn performs the actual detailed 
nwaerical prediction of tbe effluent pluae cbaracteri■tic■. 
Finally, StJMn ■Ullllllarizes the resulta fraa tbe classification and 
prediction, interpreta tb- a• regarda aixinq·zone regulationa, 
augg-ta design alternativea, and allows aenaitivity analyai■ to 
be conveniently conducted using tbe current input data. 

DIie to its diverse progrming requiruenta, CORMIX is 
written in two progrming languag-: VP-EXpert, an •expert 
systems shellª, and FORTRAN. Tbe former is powerful in knowledge 
represeatation and logical r-soning, Wbile tbe latter is adept 
at -tbematical computations. Progr- element~ DATINn, PARAMn, 
CLASSn, and SOKn are written exclusively in VP-Expert. HYDROn is 
written in VP-Expert and FORTRAN. 

D. pata rnput features 
All data are entered interactively in response to tbe CORMIX 

syst- prompts generated by tbe data input progrUl element 
DATINn. DATINn queri- tbe usar for a C0111plete specification of 
the pbysical enviroruaent of tbe discbarge, - -11 •• tbe 
applicable regulatory considerationa for tbe aituation undergoing 
analysis. A CORMIXl or 2 suaion comaences witb quutiona on 
tour tapies whicb are aaked sequentially in tbi• order: sita/ca•• 
deacriptions, ambient conditiona, discbarge cbaracteristica, and 
level of output detail and regulatory definitiona. Th••• 
questions are generated by progr- segmenta ASITEn, AMBIEHTn, 
DISCHn, and ZONESn, respectively. Data entry is entirely guided 
by the system and the available advice aenu options provide 
expanded descriptions of tbe questiona, if clarification is 
needed. Section ¡y provides complete details on input 
specification for the tbree como:xn sllbllyst-. 

E. Loqic Eleunts gr com,r¡n; Flqy cla■sification 
To •ak• predictiona of an effluent discbarge' ■ dilution and 

plW1e projectory, CORKixn typically combines tbe ■olutiona of 
several simple flow patterns to provide a coaplete analy■i• from 
tbe efflwc location all tbe -y into tbe far-field. Tb• logic 
proces■ing element■ of CORHIXn identify vbicb ■olutions sbould be 
combinm to provide the complete analysis. Tbi■ procesa, callee:! 
flov cl&aaification, develops a generic qualitative description 
of the discharge flow and is basad on known relationsbips betvaen 
flow patterns and certain c:alculated pbysical para■eter■. 

P.IRAMn is the progr~- ele■ent tbat computes relevant pby■-
ical parameter■ including: tbe variou■ length ■cales, fluxes, and 
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otber value■ needed for tbe exacution of other progr .. eleaent■ • 
Length ac:ale■ are calculat:ed -■ur-■ of tbe length of dyna■ic 
influence of varioua pby■ical proc:ea■e■ <•- Section ¡y i y1. 

At the heart of CORJIIXII i■ a flow cl-■ification ■yst.m 
con~ined in tbe progr- el.eaeDt CLASSn. It provid- a rigoroua 
and robllat expert knovledge base that carefully di■tinguisbe■ 
&110ng tba aany bydrodynaaic flov patterna tbat a dillcbarge -y 
exbibit. A■ exUlpl-, tb- pos■ibiliti~ include di■cbarge 
plu■e■ attacbing to the botto■, plwaes vertically IÚXil'IIJ dueto 
in■tabilitie■ in ■hallow -ter, pluaes becolling trapped 
internally dueto denaity ■tratification, ancl pl-■ intruding 
upatr.- againat tbe a.bient current dueto buoyancy, and ■any 
otber■• Tbeoretically ba■ed hydrodynaaic criteria u■ing length 
scale analysis and eapiric:al knovledge tr011 laboratory and field 
experillentation, are applied in a ■y■t-tic fa■bion to identify 
tbe 110st appropriate flov classification for a particular 
analysis situ&tion. For all ~ ■ubsyste■s, a total of about 
80 generic flov configuraticms or classes can be distingui■bed. 

Tbe classification procedure of comaxn is ºbasad on tecb­
nical principle■ and has beml wrifiad by tbe developer tbrougb 
repeated te■ting and data oaaparison. It ba■ also undergone 
independent peer revi- (10,11,12). Tbe tbr- docu■entation 
■anual■ (7,8,9) give the detailed ■cientific background for tbe 
clas■ification scb._, in fCll'JI of a nUJllber of criteria. Tbe 
actual criteria conatant■ ara listad in the technical reportli 
with coaaenta on tbeir sources and degr- of reliability; they 
also can be in■pected in the file■ \OIXn\DATAn\CONSTn. Exper­
ienced usar■, e■pecially thase involved in research applications, 
-y ~t to inapect tba■e fil- and occaaionally vary - con­
atant values vitbin certain liaita in order to exa■ine i■proved 
prediction tita with available bigh-quality data. Extr­
caution ■ust be exercisad Wben doing tbat as soma value■ are 
interdependent; furtherlllore, if changa■ are made, tbey abould be 
carefully dOCllllefttad. 

When CLASSn ba■ executed, a de■cription of the particular 
flow clau is available to the u■er in tba fona of on-■creen or 
bardcopy c011p11ter output; tbese description are al■o contained in 
the docuaentation -mal■ (7,8,9). It is recoamended tbat the 
novice or inter■ediate u■er review tbese to gain an appreciation 
of tbe involved hydrodynaaic •ixing processes. 

P. simulation Element• ot CQRNrxn; Flqy pradiction 
Once a flow has been classified, CORNIXn asse■ble■ and 

executes a ■equence of apprapriate bydrodyna■ic si■ulation 
•odules in the progr- el--1: RYDROn. RYDROn consista of: 
control progr ... or •protocols• for -ch bydrodynaaic flov 
cl-•ification and (b) a laqe nuaber of subroutin- or 
•simulation aodules• corresponding to tbe particular flow 
proc•••-• and tbeir associsted spatial regions, tbat occur 
vithin a given flow cla■sification. Tbe ■imulation ■adule■ 

(a) 

ar• 
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based on buoyant jet similarity theory, Ulbient diffusion theory, 
and stratified flow theory, and on sillple d1-ional analysis, 
•• deacribed elsewbere (7,8,9). Tbe basic tenet of tbe 
simulation aethodology is to arrange a sequence of relatively . 
simple siaulation modules which, when executed together, predict 
the trajectory and dilution characteristics of a complex flow. 
Each or the simulation modela us- the final values of the 
previODS module as •initial condition••· • 

G. syst:p output re1tur11; Pesiqn summarv and rterations 
SDKn is tbe final program el-nt that SUJ11111riz- tbe 

hydrodynallic simulation resulta for the case under consideration. 
The output of StJMn is arranged in tour groups: 

(1) SJte swmpary gives the site identifier information, dis­
charge and ambient environment data, and discharge length scales. 

(2) Hydrpdynamic si-.ulation and mixinq zone llÍPP"'IY lists condi­
tions at tbe end of the hydrodynamic mixing zone (HKZ), 
regulatory mixing zone (RHZJ conditions, toxic dilution zone 
(TDZ) conditions, region of interest (ROI) conditions, upstreaa 
intrusion information, bank attachllent locations, anda passive 
diffusion 11ixing su.mary. Users should be cognizant of the tour 
-jor zona definitions, and associated acronyas, introducad above 
and derined as follows: 

~yn&llic ICiziDq so- (DI) 1 Tbe HKZ is simply tbe zone 
ar strong initial llixincj, corresponding to tbe •near-field• 
processes discussed in S•c;tion Ir. It hu no regulatory 
iaplication whatsoever. However, tbe inforaation on size 
and mixing conditions at the edge of the BMZ is given - a 
useful guide to the discharge designar because mixing in the 
HIIZ is usually sensitiva to design conditions, and tberefore 
scmewhat controllable. A notable exception is the affluent 
disc:harge into very shallow flow-limited streaJIS where tbe 
actwt.l discharga port dasign datail -y have little bearing 
on instream concentrations. 

aec¡alat:ory JlixiJlq soae (DI) 1 Tbe RHZ corresponda to 
eitber: (1) the applicable 111ixing zone regulation witb 
s.pecified size diJNnsions, or (2) a preliainary proposal for 
a aixing zone (sea subsection rrBC3)). In CORHIXl and 2 
versions prior to August 1991, and in tha soae reporta, tbis 
was labeled inconsistently as the Legal llisiDg' son.e (Lld). 

To:ld.c J>ilutioa Soae (Tl>S): The TDZ corrasponds to tbe EPA•• 
~inition of vhere toxic chemic•l concentrations -y excaed 
tlle CKC valua (see SUbsection r¡B13)). 

a.gt.on of Int:erest: (ROI)1 Tbe ROI is a user defined region 
or the receiving waterbody vhere mixing conditions are to be 
analyzed. It is specified as tbe -ximull analysis distance 
in the direction of mixed effluent flow and i• particularly 
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important vhan legal mixing zone restrictions do not exist 
or when information overa largar area i• of inter-t. 

(3) pata analysis section presenta further detail• on toxic 
dilution zona criteria, ragulatory mixing zone criteria, stagnant 
ambient anvironaent information, and ragion of interest criteria. 

(4) Qesiqn recopendations sac;tion contains design suggestions 
in threa general areas for illproving initial dilution. Th ... 
include: (a) geoaetry variations in discharge port design, (b) 
sensitivity to ambient conditions, and (c) procesa variations in 
discharge flow characteristics. Tbe usar i• qiven guidance on 
the potential changas in mixing conditions fr011 varying paraaeter 
values within tbese groups. 

Tbe user can choose among the following printed output 
options, all in text form: (a) a &Wlllllllry of tbe entire CORMIX 
session, (b) tha swmnary contained in tbe SOMn •1-nt as 
descri.bed above, (c) printouts of tbe qualitative flow class de­
scription, and (d) a detailed file giving the numerical values of 
the hydrodynamic simulation generated in program •l-ent HYDROn. 
At present, CORMIX do- not contain any graphical output display. 

Finally, stlMn is also used asan interactive loop to guida 
the user back to DATINn to alter design variables and perfora 
sensitivity studies. Different options for iteration exist 
depending on wbat input data changas are to be made. The 
illportance of performing an ampla number of CORMIX iterations 
cannot be sufficiently stressed. To obtain a design that 
adequately meats water quality and enginaering construction 
objactives, it is necessary to get a fael for tbe physical 
situat:ion and its sensitivity to design changas through repeated 
syst- use. 

H. Equipment Beauirements. system 1nsta11ation and BYD Times 
The mini11U11 hardware configuration required for CORMIX is an 

IBH-PC/XT compatible 11icroc011puter with: (a) a ainillwl of 582Kb 
of available RAM 11e11ory, (b) a math co-processor, (c) approxi­
-taly 1Mb of hard disk space per installad subsystem, and (d) 
DOS 3.3 or higher operating syst-. Computers with more advanced 
••in processors (e.g. 80386) are preferable because tbey 
substantially reduce the time to complete an analyais. 

Tbe RAM m-ory requirement of CORMIX may presentan obstacle 
to -ny users because the configuration requirements of aany 
co1D1Dercial applications packages and the installation of memory 
resident software frequently reduce availabla RAM aemory to less 
than 582JcB. The aaount of available RAM 11e■ory can .be determinad 
with the DOS command CHICDSK. Although there are nwaerous 
approaches for increasing the size of a computer•s available RAM 
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IIUlOry, the ■illpl-t vay is •boot• the COllpllter fróa a floppy 
•■yatea• dillk that contains no AtJ'l'OEXZC.BAT file anda COllrZG.SYS 
file Vbich contains only the stat-ents •PILES-20• and 
•BtJFFERS-20• on ■-parat:e linu. This abould be done jut prior 
to beqinning an analy■is -■ion sine• it vill temporary di.sable· 
prograas that consuae RAII -.ory. At .th• C011pletion of tbe 
analysis ••••ion, the coapater shoUld be •booted• fraa the bard 
drive to restare noraal operations. A bootable floppy-~ 
disk can be cru.ted vith the DOS co..and l"ORNA1' a: /S. 

'l'he CORJllXn ■w,ay■'=- IIU■t be in•talled on a bard disk 
drive. The directory ■t:ructur• of -ch 9Ub■yst- comazn 
(TJlbl• 1' is fixed; it gata ■et up during the ·1n■tallation 
procesa; and it consi■ta of a ■ubay■tea root directory, called 
•aun•, and eigbt daughter directoriu, all ending vith tbe 
suffix •n•. COllplet:e installation instruc:tioaa are ava.i.lable 
vith CORJllXn di■triblltion diskett ... 

Depending on coaputer contiguration, a typical COIIIIIX2 --
■ion for one diacharge/aabient coadition -y take abollt 5 ainates 
for an advanced 80386-based CCJIIPUter to abollt 20 minutes far an 
80286-based c011p11ter if all necessary input data is at hand. 

:rv DATA DfPQ% 

A. General MaAAI ot xnwactiu pata xrnms; 
, Th• three aubsy■t- have ■iJtilar data input f•tura and 

requirements. Data input occur■ interactively in r-■ponae to 
comax ■y■t- proapta and is entirely guided by th• ~- Th• 
u■er is aut-tically proapted for a coaplet:e ■pecification of: 
■ite/case descriptions, aúient conditicms, discharge cbaracter­
istics, and level of output detail duired and regulatory defini­
tiona. Th• data for -cb of thue four topical ar-■ are called 
iap1lt !lata ■equ--■ herein. Quutions are uked in plain 
Englisb. Advice MDU options within the prograa are availabl• to 
provid• help on hov to prepare and enter data valuu Vban clari­
fication of the ■yst- proapta is needed. The contenta th-■e are 
al.so available in th• docuaentation .anual• (7,8,t). 

Data can be enterad in an open for.at vithout concern for 
letter case or deciaal pla~t. The only constraint is that 
tb• followina characters HY not be enterad in response to any 
question: 

+ = { ) , < > • • / \ ; 

'1'he sy■t- c:heclcs data entri- for consistency vith question 
type (e.g. a alpha character for water depth), obvious pbysical 
error■ (e.g. a negative length), possible inconaistenci- vith 
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TABLE 1 DIREC'l'ORY STRUC'l'URE FOR SUBSYrEM CORMYXn 

Directory Hm 

pd\CMXn 

pd\CMXn\ADVICEn 

pd\CMXn\BATn 

pd\CMXn \CACHEn 

pd\CMXn\DATAn 

pd\ODCn\DESCn 

pd\CMXn\DSn 

pd\CMXn\PGMSn 

pd\CMXn\SINn 

Note: n • 1, 2, or J 

co-ents 

sy■t- root directory; contains VP­
Expert system files and the knowledge 
base program CORMIXn (•Y•~ driver) 

contains all user-requested advice filu 

contains DOS batch fil- for progr­
execution, data file manipulation, and 
program control 

contains cache "fact• files exportad 
from knowledge base programs 

contains constants·used in flow 
classification and other knowladge base 
programs 

contains flow descriptions for each flow 
class 

contains all knowledge base programs 

contains Fortran hydrodynamic simulation 
program and file manipulation prograas 

contains simulation results 

pd • parent directory 
Examples for pd: 
pd • d: \CORMl:X (reco-ended) 
pd • d: (if installation directly on hard disk drive) 
pd - d:\Hl:XXNG\CORMIX (where "MIXING" ■ay be a major 

directory containing all effluent relatad work) 
d: • valid hard disk drive 

previous entries (e.g. an angula~ value implying that a port 
points directly back to the shoreline) and situations outside the 
rang- of aodel applicability. Inconsistency with question type 
and obvious physical errors require i-ediate re-entry whil• 
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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Aa discussed in Ses;tiqn ru. data input occurS in three ar 
tour prolJl'UI segmenta that load automatically. ·Once a co11plete 
input data sequence has been specified, it is gets suaaari.&ed on­
screen far the user to check. If something needs to be cbanged, 
the anti.re input data sequeJICe has to be re-enterad in correct 
tora. 

DDe to the sillilarity of data entry for the thrH 
•~• a common description is given for all input data 
sequences, except discharge data to which a separata subaec:tion 
for -= CORMixn subsyst- is devoted below. PUrther guidance on 
data apecification can be obt:&inad from examining the ca­
studi- in the Appendices and froa the documentation -nuals 
(7,8,9). Following the disC11Ssion of input data sequences, units 
of --- conversion factora and checklists far input 
preparation are presented. 

B. si;tc(case rdentifier Data 
'!'lle first input data sequence determines basic info~tion 

needed far the program to operate. These include: a four-part 
identilier for labeling output, a computer file name and wbether 
to echo screen output to a printer. 

It is necessary to specify four site/case labels that 
facilitate the rapid identification of printad output and 
aid in CJDOd record-keeping. The syst- provides for one la.bel 
callad S1'fE NAME (e.g. Blue River), another called DISCHAJIGER 
(e.e¡. B-Coapany), another callad POLLtJTAMT (e.9. Mercury), and 
another called DESIGN CASE (e.9. 7Q10-low-flow, or High-velocity­
port). 

'1'he -er needs to supply a DOS-compatible FILE NAME, 
up to eiA)llt characters long, and without extension (e.9. 
sdif7q10). CORMIX will use that user-specified file name 
•tn•, and create, transfer, or store intermediate or final 
data files with that sU1e file naae, but with different 
extensioas. The 11ost illportant of these are the tvo output data 
filu, •fD•.cxs and •tn•.cxo wbich are discussed further in 
sestJon v. 

Finally, the user is also askad to specify wbether a bard­
copy recard of the CORMIX session should be recordad on an 
attac:bed printer. Since several iterations of an analysis are 
typicallr required to gain a thorough understandin9 of the aixin9 
processes ata site, it is recommended that this feature be used 
at all -U-• and that the printouts be retained for later 
reference. 

c. Awblcnt Data 
Allbient conditions are definad by the gecaetric and hydro­

grapbic c:onditions in the vicinity of the di11Cbar9e. Due to th• 

, ___ 
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significant effect of boundary interactions on mixíng processes, 
the &llbient data requirements for the laterally bowaded and 
anbounded analysis situations are presented separately in the 
discussions below. Following these is a discussion on ambient 
density specification. 

comg:x requires tbat tbe actual cross-section o( th• ambiant 
waterbody be aescribed by a rectangular channel that may b• 
bounded laterally or unbound§d. Furthen,ore, tbat ghann•l i• 
as•wped to hB unitoni in the downstream direction, followinq tb• 
uan flow 0 f the actual water body that may be non-uni(otll or 

- HAQdering. The process of describing a receiving waterbody'• 
geometry vith a rectangular cross-section is herein called 
ac:ll-tisation. 

The first step tovards specifying the &llbient 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 Ulbient geo-try, it is usually necessary to 
have access to cross-sectional diagrama of the waterbody. Theae 
should show the area normal to the ambient flov direction at the 
discharge site and at locations further downatream. If the 
waterbody is constrained on both sides by banks such as in 
rivera, streams, narrov estuaries, and other narrow watercour•-• 
then it should be considerad •bounded.• However, in some ca••• 
the discharge ia located close to one bank or ahore while the 
other bank is for practical purposes very far away. When inter­
action of the effluent plwae with that other bank or ahora is 
illpossible or unlikely, then the situation should be considerad 
•unbounded.• This would include discharges into wide la.Je-, vide 
estuaries, and coastal areas. 

(1) Bounded c;ross-section- Both geometric (bathymetric) and 
bydrographic (Ulbient discharge) data should be used for defining 
the appropriate rectangular cross-section. Thi• schematization 
ay be quite evident for well-channeled and regular rivera or 
artificial channels. Por highly irregular cross-sections, it aay 
require more judgment and perhaps several iterations of the 
analysis to get a better fHl 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 avare that a particular flov condition such as a river 
discharge is usually associated with a certain water aurface 
elevation or •stage.• Data for a stage-discharge relationship is 
noraally available from a USGS office; othervise it can be 
obtained fro11 a separata hydraulic analysis or from field 
measur-ents. 

In the siaplest 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 tield 

il\ffel!W4·'-' ,,~'Mfo&11w1ffll!J.,l"l'-!ffl'•~iR.U.U ; k!Mi 11k ;,.,l!,,YU.IJf#., ~· 4h• ,,..flJ•"..Wjl ,,; j $,$ 44,AQ,Jh,.M&. !!1!!7.a¾, !.,, LJNi@;¡ift~ 11';,., J::t ,1/iiif~!llll)llí.Ti,i'~ :n;;,;.t; ur.,q,,.,~1i\f.llth(h'i!fu#i;tPAAJi4(;;e,?4 (WQ?Ql#A$.iill\JUWi#\},,M"-"""'¾M; 9, ,;MPl@« t.J!Ui#i41l\Qhh Ah 4A.NV.Al!f.N,fkffi%,A4M#A$&$ 
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stUdy, then the depth for a given design .C••CJ• low) ·nov 
(aubscript 2) can be preclicted fr011 the Manning'• equation 

&z-~::]¾ 

• 

in ldúch QA ia the &Gient river flow and HA th• aean Ulbient 
depth. Thia approach aaaumea that th• both the Ulbient width and 
frictional characteristica of the channel (i.e. Manninq'• n) 
reaaiu approxiaateJ.y the aame during such a stage changa. 

b) For the given stage/river discharge coal)ination to be 
analyzed, asseable plots ahowing the crosa-sections at the 
diacbarge and several dovnstreaa locations. Examine th-• to 
deterlline an •equivalent rectangular cross-sectional ar-.• Very 
shal.low bank areas or shallow floodways -y be neglected a• 
unblportant for effluent transport. Also, ■ore weight should be 
given to the croes-ections at, and close to, the discharge 
location aince tbese vill likely have the gr-test etfect on 
near-field proces .... Figure 9a provides an example of the 
scbaaatization procesa for a river or estuary cross-aection. 

e) The input data values for sur:race widtll (B8) and 
(•~•> deptll (D) should be determinad fr011 the equivalent 
rectangular croaa--ctional area. When a■bient discharge and 
a■bient velocity data are available, the r-sonablenesa of the 
scbaaatization shoald be checked with the continuity relation. 
It apecifi•• tu.t a■bient discharge equals velocity ti■es croaa­
aectional area, Vbere the area is given by the product of average 
vidth and depth. 

d) CORMIXl and 2 alao require specitication of the actual 
-ter deptll (BD) at the aubaerged diacharge location which i• 
uniquely different fr011 the depth to the discharge port 
centerline. A checlt is built into COIUllXl and 2 alloving the 
local. depth HD aot to differ from the ache■atized average depth 
HA by ■ore than +/- Jot. This restriction is included to prevent 
comax ■isuse in NVeral discharge/a■bient cOllbinations involving 
strongly non-unifor■ channels. Alternativa sch-tizations can 
be explorad by th• user to wor:k around the restriction. The 
choice for these alternativas may be influenced somewbat by the 
expected pluma pattern. As an example, Figure 9b illustrates a 
1111&11 buoyant cliscbarge that is located on the aide slope of a 
deep reservoir ami that is rising upward. In thia aituation, the 
correct representation of th• deeper -an reservoir depth i• 
irrelevant for pl- predictions. Although the illustration is 
for an unbounded exa■ple, the comments on choice of HA apply 
hera, too. 

1lben •ch-tizinq HA and HD in highly non-unifor■ 
condJ.tions, HD is th• variable that uaually influences n~-field 

• 
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a) Example: Bounded Cross-Sec1ion Looking Downstream 
(River or Estuory) 

"Neorest bonk on the left" 
1 
DISTB Design water level 

b) Example: 

fIGQRE 9 

""='" 
HD HA 

Unbounded Cross-Section Looking Oowns1ream 
( Small Buoyant Jet Oischorge Into Large Lake 
or Reservoir) 
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aixinq, while HA i• iaportant for far-fi~ld t:ranapÓrt and never 
influenc- the near-field. 

CORMIXJ us- the variable HD for the ac1:aal water 4ep1:Ja 
whicll is obSU"Tecl at the cllamlel -tzy (llDJ location and it 
requires an additional specification far the receiving .. ter 
bottaa slope ('l'D'l'UJ. THETAB is the alope of the receiving 
water bottoa surface in the direction perpendicular to the 
sboreline. 'l'h•- detail• are illportant for identifyinq caa­
vbere pluae attacluant to the botto. can occ:ur. 

e) 'l'be aüi-t U.cllaqe (~J or -■ Ullti-t 'ftllocity (&J 
-y be used to specify the llllbient flov condition. Depending 
wbicb is specified, the prograa will calculate and display the 
other. 'l'be diaplayed value abould be cbeclted. to s- -wbether it 
is consistent with scbematizations and continuity principl­
discussed above. 

'1'be simulation of stagDaJat collditioaa sbow.d usually be 
avoided. If zero ora very small value for aabient velocity or 
discbarge is entered, CORKIX will label the aabient envirOJment 
as stagnant. In tbi• case, CORJIIX will predict only the near­
field of the discbarge, •inca steacly-state far-field proceasea 
require a mean transport velocity. Althougb stagnant conditions 
often, but not necessarily al-ya, represent the extr- limiting 
case for a dilution prediction, a real -terbocly nevar i• truly 
stagnant. 'l'herefore, a ■ore r-listic -auaption for natural 
waterbodiea would be to considera small, l:lut finite aüient 
croaaflov. • 

f) Aa a -•sur• of the rougbneaa cbaracteristic• in the 
cbannel the value of Nanninq•• n, or alternati,,.ly of tbe 
D&rG]'-Weisbach friction factor f, auat be apecified. Friction 
valu- are useful for applications in laboratory studi-. If 
Manning'• ni• given, as is preferable for field ca•••• CORKIX 
internally converts it toan f friction value uing the folloving 
equation 

in wbicb g • 9.81 m/a2• 

f•8g--E!_ 
HAllJ 

'1'be friction paraaeters influence the aixing procesa only in 
tbe final far-field diffusion stage, end do not have a larqe 
impact on tbe predictions. Generally, if th- valu- can be 
est~ted witbin +/-301, tbe far-field predictions will vary by 
+/-101 at tbe aost. '1'be folloving list is a brief guide for 
specification of Manninq•• n valu-; additional detail• are 
available in Cbow (20). 
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Channel txP• 
S■ootb eartb channel, no weeds 
Eartb channel, some ston•• and weeds 
Clean and straight natural rivera 
Winding channel, with pool• and aboal• 
Very weedy streams, winding, overgrown 
Clean straight alluvial channels 

(d • 751 sediment grain size in feet) 

• 

ManniDP' ■ n 
0.020 
0.025 
0.025 - O.OJO 
0.033 - 0.040 
o.oso - 0.150 
0.031 d"' • 

(2) Qnbounded eross-section- Both hydrographic and geo-tric· 
infor■ation. are closely linked in tbis case. 'l'be following 
comments apply: 

a) Proa lalte or reservoir elevation or tidal stage data, 
determine tbe water depth(s) tor tbe receiving water condition to 
be analyzed. 

b) For the given receiving water condition to be analyzed, 
assemble plots sbowing water deptb as a function of distance fro■ 
tbe sbore for the discharge location and for several positions 
downstream along the ambient current direction. 

e) If detailed hydrographic data from field surveys or fro■ 
bydraulic numerical model calculations are available, determine 
tbe •ClDlUletive aml)ient 4iacharge• from tbe abore to tbe 
discharge location for tbe discbarge cross-section. For eacb of 
tbe subsequent downstream cross-sections, determine tbe diatance 
fro■ tbe shore at whicb the sa■e cumulative ambient diacbarqe has 
been attained. Mark tbis poáition on all cross-sectional 
profil-. Examine tbe vertically averaged velocity and tbe depth 
at theae positions to determine typical valuea for tbe aüi-t 
4epth (D) and aml)ient velocity fD1) input specifications. 'l'b• 
conditions at, and close to, tbe discharge location sbould be 
given tbe most weight. Tbe 4istance fro■ the shore (DISHJ for 
tbe outfall location is typically specified u the cuaulative 
ambient discbarqe divided by tbe product UA t1-a HA. 

When detailed hydrographic data are unavailable, data or 
-timates of tbe vertically averaged velocity at tbe di•cbarg• 
location c:an be used to specify HA, UA, and DISTB. First, 
determine tbe cumulative cross-sectional ar- from tbe sbore to 
tbe discharge location for tbe discharqe cross-aection. For each 
o! the aubsequent downstream cross-sections, mark the position 
wbere the cumulative cross-sectional area has tbe saae value as 
at the discharge crosa-section. Then proceed as discussed in the 
preceding paragraph. 

d) Tbe specification of tbe actual -ter 4epth et the 
aumaerge4 4iacharge location (JIDJ in CORMIXl and 2 is governed by 
considerations that are similar to those discussed earlier for 
bounded flov situation• (see subsection rvcc1)dl. Figure 9b 
shows an illustration of the schemati~ation for a •-11 buoyant 
discharge located on the side slope of a deep reservoir. Tbe 
pluae is expected to rise upward and stay close to one sbore, 
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with bottom contact and vertical aixing not expec:ted, In thia 
aituation, no -phaaia on replicating the ■ean r-ervoir depth 
and the actual width i• neceaaary. However, care 'IIUSt atill be 
taken to specify an lllllbient ■ean velocity that ia: (a) charac- . 
teristic of the actual reaervoir and (b) not determinad using the 
reduced depth aaaumption, 

The specification of HD for CORMIX3 is identical to the 
bounded case. 

e) Either X&JmillCJ'• a or the D&rGJ'-••ialaacll rricti-
factor f can be specified for the lllllbient rougbn-• char­
acteristics as described previously for the bounded case (see 
subsection IVCíllel. If the unbounded ca- repr-ents a large 
lake or coastal area, it i• often preferable to use the friction 
factor f. Typical f values for such open -terbodies range froa 
0.020 to o.030, with larger values for rougher_conditions. 

(3) Ambient pensity specification; Inf0r11ation about the 
density distribution in the lllllbient -ter body is very illlportant 
for the correct prediction of effluent discharge plume behavior. 
CORKIX first inquirea whether the ambient -ter i• fr~ -ter or 
non-freall (i.e. brackish or aaline). If the ambient -ter is 
fresh and above 10 •e, the ayst- provid- the option of entering 
ambient temperature data ao that the ambient denaity valu- can 
be internally computad fro■ an equation of atate. Tbia is the 
recommended option for apecifying the denaity of freah -ter, 
even though lllllbient temperature ~ i• not needed for·the 
analyaia of mixing conditiona. In the case of salt -ter 
conditions, Figure 10 i• included as a practical quide for 
specifying the denaity if •salinity yalues• in parts-per-thousand 
(ppt or • ¡ .> are available for the waterbody. Typical open ocean 
salinities are in the ranc¡e 33 - 35 ppt. 

In CORMIXl and 2, the user then apecifie• wbether the 
ambient density (or temperature) can be conaidered •• anifor■ or 
as non-Wlifor■ within the -ter body, and in particular within 
the expected plume regiona. A.a a practical guide, vertical 
variationa in denaity of le•• than 0.1 kg/r or in temperatura of 
leas than 1 °C can be neglected. For uniform conditiona, the 
••erage Ulbient density or average teaperature must be apecified. 

When conditions are non-uniform, CORMIXl and 2 require that 
the actual measured vertical density distribution be approxi■ated 
by one of four sch-.tic stratification profile ~ illustrated 
in figure 11. These are: Type A, linear density profile; Type B, 
two-layer system with constant densities and density jump; Type 
e, constant density surface layer with linear denaity profile in 
bott011 layer separated by a denaity jump; and Type D, conatant 
density surface layer with linear denaity profile in bottoa layer 
without a denaity jump. Correaponding profile t~ exiat for 
approximating a temperatura diatribution vben it i• used for 
apecifying the denaity distribution. 

• 
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After aelectinq the stratification approximatión to.be used, 
the uaer then entera all appropriate density (or t-perature) 
values and pycmoelin• lleiqlats (Jllll'l') to fully specify the pro­
fil••· The pycnocline is defined as zone or level of strong 
density c:hange that separatas the upper and lower layers· of the 
water colunin C•- Figure llhl. The program c:heclca the density 
specification to insure that atable ambient stratification exista 
(i.e. the density at higher elevations must not exceed that at 
lower elevations). 

Note that a dynamically correct approxiaation of the actual 
density distri:bution should keep a balance between over- and 
under-stimation of the actual data similar to a best-fit in 
regression analysis. If siaulation resulta indicate internal 
plum.e 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 lllll)ient denaity possi­
bility exista because this subsyst- applies only to buoyant 
discharges occurring at ornear the water surface. When ámbient 
stratification exists, an average value representing the upper 
layer of the water body should be specified. For most cases, the 
depth of the discharge cbannel is a useful averaging distance. 
However, for strongly mixing cases including those with near­
field instability and bottoa attachlllent, a larger averaging depth 
■ay be warranted after inspection of the initial simulation 
resulta. 

D. Discharge Data; CORMl:X1 

Figure 12a is a definition sketch giving the geometry and 
flow cbaracteristics for a submerged single port discharge within 
the scbematized cross-section. 

(1) Discharge Geometrv- To allow the establishment of a 
reference coordinate syst- and orient the discharge to that 
reference, CORMIXl requires the specification of 6 data entries. 
These specifications are illustrated in Figure 12a and include: 
(a) location of the nearest J:laDlt (i.e. left or right) as seen by 
an ol>llerver looking downstream in the direction of the flow, (b) 
dist-ce to the nearest banJt (DJ:STB), (c) port radius or c:ross­
sectio-1 area for non-circular shaped ports, (d) heigllt of the 
port (BO) center above the bottom, (e) vertical -gle of 
discharqe (TJlftA) between the port centerline anda horizontal 
plane, and (f) horizontal aagl• of discharg• (SJ:GD) ■-sured 
countercloc:kwi- from the Ulbient current direction ex-axis) to 
the plan projection of the port centerline. Angle THETA -y 
range between -45 and 90 •. As examples, the vertical angle is 
90 degrees for a discharge pointing vertically upward, and it is 
O• for a horizontal discharga. Angla SIGMA 111&y ranga betwaan o 
and 360 •. As examples, tha horizontal angle is o • (or 360 •> 
when tha port points down.stream in the allll>ient flow direction, 
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and it i• 90 •, wben the port points to the left of tbe alllbient 
flow direction. 

In order to prevent an inappropriate sy■t- application, 
coman checks the specified geometry for coapliance with tbe 
three criteria illustrated in Figure 12b. Tb•- are: (a) tbe 
port beight (H0) value aust not exceed one-tbird of tlie local 
water depth (HD) value, (b) the port diameter value -t not 
exceed HD's value for near-vertical d-igna, and on-tbird of 
HD's value for n-r-horizontal designa, and (c) the pycnocline 
value 11Ust be within the 40 to 90 percent range of HD'• val-. 
The port height restriction results fra. tbe fact that CORMDCl 
only applies to submerged discharge applications. In ordinary 
design practice, submerged implies a discharge close to the 
bottoa, and not anywhere within the -in -ter column ornear the 
water ~tace. The port diameter restriction exclud- very large 
discharge diameters relativa to the actual -ter deptb since 
these are unrealistic and/or undesirable. The distance separ­
ating the upper and lower layers of the allbient density profile 
type B, e, oro is restricted in order to prevent: (a) discbarges 
into the upper layer or (b) an unr-listically thiclc plum• 
relati- to a thin upper layer. For those few extr-• situations 
that vauld normally be limitad by the above restrictions, Section 
7.4 of Doneker and Jirka (7) contains a nuaber of hints on how to 
conduct these difficult analyses; only advanced users shoulcl 
attemrt these tes;hniques. 
C2) Pgrt Qischa;rqa Flqy- For diacharge cbaracteristics, CORMJ:Xl 
requtr.s the specification of 3 data entri-. These specifica­
tions include: (a) the discllarqe fl- rate (QO) or discharqe 
velocit,y (UO), (b) the discharqe dusity or discll&rge t-perature 
for an essentially fresbwater discharge, and (e) the discharge 
conc-uation of the material of interest. The Q0 and 00 vari­
ables are relatad through the port cross-sectional ar- and the 
prograa computes and displays the alternate value allowing for 
user inspection and verification. For a freshwater discharge, 
discharge density can be directly relatad to temperature via an 
equation of state since the addition of any pollutant or tracer 
has ft811Jligible effect on density. 

'1'be discharqe concentration of the -terial of interest 
(pollutant, tracer, or temperature) is detinad as the excess 
concantration aboye any ambient concentration ot that same 
material. The usar can specify this quantity in any units. 
CORKJ:Xl predictions should be interpretad as computed excess 
concentrations in these same units. If no specific pollutant is 
under consideration, siaply specify a discbarge concentration of 
100,. 

E. pischarqe pata; coRM1x2 
A generalizad definition sketch showing the geometry and 

flow cbaracteristics for a typical aultiport diftuser 
installation is provided in Figure lla. Dueto the great number 

• • • 
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of c011plexities which -y rise in describinlJ an existing or 
proposed diffusar design, a tew definitions are introduced prior 
to discussing actual data requirements of CORMIX2. 

A aultiport 4iffuaer is a linear struc:ture consiating of 
aany aore or lesa closely spaced ports or nozzl- vbich inject a 
seri- of turbulent jets at high velocity iJlto tbe aabient 
raceiving waterbody. Theae porta or nozü- -y be connec:ted to 
vertical risers attached toan underground pipe or tunnel or they 
-y siaply be openings in a pipe lying on tbe bottoa. 

'l'be 4iffuser U.ne (or axis) is a line connecting the first 
port or nozzle and the last port or nozzle. Generally, tha 
diffuser line will coincide with the connecting pipe or tunnel. 
CQRMIX2 will assuu a straiqht diftuser line. If tha actual 
diffuser pipe has bends or directional changes it IIUSt be 
approximated by a straight diffuser line. 

Tbe 4iffuaer length is the distance froa the first to the 
last port or nozzle. The origin of the coordinate syst- used by 
CORMIX2 is located at the center (mid-point) of the diffuser 
line. The only excaption is when the diffuser line starts at the 
shore; then the origin is located directly at the shore. 

CORMIX2 can analyze discharges from the thr- aajor diffuser 
types usad in co111110n engineering practica. These are illustrated 
in Figure 14 and include: (a) the uni4irectio-l cliffuser where 
all ports (or nozzles) point to one side of the diffuser line and 
are orientad more or less normally to the diffuser line and more 
or less horizontally; (b) the atage4 4iffuser where all porta 
point in one direction generally following the dif:ruser line with 
saall deviations to either aide of the diffuller line and are 
oriented more or less horizontally; and (c) the alt--ting 
4iffuser where the porta do not point in a nearly single 
horizontal direction. In the latter case, the porta aay point 
more or less horizontally in an alternating fashion to both sides 
of the diffuser line or they may point upward, more or leas 
vertically. 

(1) Piffuser ceometrv- CQRMrx2 assuus uniform discharqe 
1;onditions alonq tbe diftuser line, This includ- the local 
llllbient receiving water depth (HD) and discbarge par-eters such 
as port size, port spacing and discharge per port, etc. If the 
actual receiving water depth is variable (e.g. dueto an offshore 
slope), it should be approximated by the mean depth along the 
diffuser line with a possible bias to the aore shllllow near-shore 
conditions. Sillilarly, mean values should be usad to specify 
variable diffuser geometry when it occurs. 

To allow the establishment of a reference coordinate syst­
and orient the discharge to that reterence, CORKIX2 requir- the 
specification of 12 data entries. These specifications are 
illustrated in Figura 13a and include: (a) location of the 
nearest ~anlt (i.e. left or right) as seen by an observar looking 
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dCIIIIIStream in the direction of the flow, (b) average diataDce to 
tbe JMl&reat baDJt (DISTB), (c) averaqa diaaater (DO) of the 
disd:large porta or nozzles, (d) average beiqbt of lle part 
e-tara (BO) above the bottom, (e) average vertical aaqle of 
discllarqe ('l'Jm'l'A) betw-n the port centerlines anda horizontal 
pl.,_ (-45 and 90 º), (t) for the unidirectional and ataged 
diffasers only, the average horisontal a119le of diacbarqe (SIGMA) 
measured counterclockwiae fro■ the ambient current direction 
(x-axis) to the plan projection of the port centerlines (O to 
360 "), (g) approximate straight-line diffllller 18111Jtb (LD) 
be~ the first and last ports or risers, (h) dúitaDce froa tbe 
ahora to the firat and laat porta or riaera (YB1, U2) of the 
diffuser line, (i) n\llllber of ports or risers and the number of 
ports per riser if risers are present, (j) jet contraction 
coeff~cient value, (k) average aligmaent angle (CDm) measured 
counterclockwise from the ambient current direction (x-axis) to 
the diffuser axis (O to 180 º), and (1) for the unidirectional 
and staged diffusers only, relativa orientation a119le (BB'l'A) 
measared either clockwise or counterclockwise from the average 
plan projection of the port centerlines to the nearest diffuser 
axis (O to 90 º); Note that CORMIX2 always assuaes a unifor:m 
spacing between risers or between ports, anda round port cross­
secti.onal shape. 

As examples of angle specifications, TRETA is o degrees for 
a horizontal discharge and it is +90 degrees for a vertically 
upvard discharge, SIGMA is o degrees (or 360 º) vben the ports 
point downstream in the ambient flow direction and it i• 90 
degreea when the ports point to the left of the ambient flow 
direction, GAMMA is O degrees (or 180 º) for a parallel diffuser 
and it is 90 degrees for a perpendicular diffuser, and BETA is o 
degrees for a staged diffuser and it is 90 degrees for a unidir­
ectianal diffuser. 

CORMIX2 performs a number of consistency chec:Jta to ensure 
the user does not make arithmetical errors when preparing and 
enter.ing the above data and it also checks the specified geometry 
for compliance with thr- criteria to prevent an inappropriate 
syst.a application. Figure 13b shows the imposed limits of 
syst:em application for CORMIX2 which are: (a) the port height 
(HO) value ■ust not exceed one-third of the local -t•r depth 
(HD) value, (b) the port dia■eter value must not exceed one-fifth 
of BD•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 t:hoee shown in Figure 12b for CORKIXl with the exception of 
the di-eter limit for each port. 

(2) Diffuser Discharqe Flow- For discharge characteristics, 
CORIIDU requires the specification of 3 data entries. These 
specUications include: (a) the total diac:Ja&rge flow rate _(QO) or 
diac1a&r9e velocity (VO), (b) the diacharqe denaiq, or 4iacharge 
teaperature for an essentially freshwater discharge, and (c) the 
diaclMarge concentration of the material of interest. The QO and 
UO variables are related through the total cross-sectional area 
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of all diffuser ports and the program computes and display• the 
alternate value allowing for user inspection and veritication. 

The discharqe concentration of the material of interest 
(pollutant, tracer, or t-perature) is defined as tb• excess 
concentration aboye anv amt>ient concentration ot that sam• 
material. The user can specify this quantity in any units. 
CORMIX2 predictions should be interpreted as computed excess 
concentrations in these sama units. 

F. oischarqe Data: CQRMIXJ 
A definition sketch for the discharge geometry and flow 

characteristics for a buoyant surface discharge is provide in 
Figure 15. In general, CORMIXJ allows for different types of 
inflow structures, ranging from simple rectangular channels to 
horizontal round pipes that may be located at ornear 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-floving along the bank. 

(1) Discharqe Geometry- To allow the establishment of a 
reference coordinate system and orient the discharge to that 
reference, CORMIXJ requires the specification of 5 data entries. 
These specifications are illustrated in Figure 15 and include: 
(a) location of the nearest bank (i.e. left or right) as seen by 
an observar looking downstream in the direction of the flow, (b) 
discharge channel vidth (BO), (c) discharge channel depth (BO), 
(d) botto■ slope ('nlftU) in the receiving water body in the 
vicinity of the discharge channel, and (e) horizontal -gle of 
diacharge (SIGMA) measured counterclockwise from the ambient 
current direction (x-axis) to the plan projection of the port 
centerline. In all cases, CORMIX3 assumes the discharge is being 
issued horizontally. 

In the case of a circular pipe discharge CORMIXJ 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 
sch-atically 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 
par-eter is directly linked to the ambient receiving water depth 
(stage). This is especially important for tidal situations. 

To prevent an inappropriate system application, CORMIXJ 
only allows for a discharge channel depth-to-width aspect ratio 
oto.os to 2. This prohibits the use of extremely oblong 
discharge geometries. 
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(2) Qischarqe Flow- For discharg• chara.cteristics~ CORKIX3 
requires the specification of 3 data entries. These specifica­
tions include: (a) the total discbarqe flow rate (QO) or 
diach&rqe velocity (OO), (b) the discbarqe density or discbarqe 
teaperature for an essentially freshwater discharqe, and {e) the 
diacharge concentration of the material of interest. The QO and 
00 variables are related through the channel cross-sectional 
ar-; the program computes and display& the alternate value 
allawing for user inspection and verification. 

The discharge concentration of the material of inter-t 
(pollutant, tracer, or temperature) is detined as the excess 
coneentration above any ambient concentration ot that same 
material. The user can specify this quantity in any units. 
CORMJ:X3 predictions should be interpretad as computad excess 
concentrations in these •-• units. 

G. Mixinq zone Data 

For the program element StlMn to tailor the hydrodynamic 
simulation resulta summary to the situation underqoing analysis, 
the user must indicate: {a) whether EPA's toxic dilution zona 
(TDZ) definitions apply, (b) whether an ambient water quality 
standard exists, {c) whether a regulatory mixing zone {RMZ) 
definition exista, (d) the spatial region of interest (ROI) ovar 
whicb information is desired, and (e) nWllber of locations (i.e. 
"grid intervals") in the ROI to display output details. Oepend­
ing on the responses to the above, several additional data en­
tri- 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 
concentration (CCC) which are intended to protect aquatic lif• 
froa acuta and chronic effects, respectively. CORMJ:X will check 
for compliance with: (a) the CMC standard at tha 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 exista, 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 
pluae. 

The ROI, which is a usar defined region where mixing condi­
tions are to be analyzed, is specified as the maximwa 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 
number of grid intervals that will be displayed in the output 
fil-. This parameter•s allowable ranga is 3 to so and the 
cho-n 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 ainimize printout lengths 

• 
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while a large value might be desirable for final predictions to 
give e_nough resolution for plotting of pluae diaensions. 

H. units or Maasure 

CORMIX uses the metric system of aeasur-.it. When data 
values are provided to the usar in Englillh units, these aust be 
converted to ·equivalent metric measures; The folloving list 
gives the five aetric dimensiona usad by CORMIX in the left 
colUJln, and on the right, their equivalents in soae comaon 
English units. 

Length: 1. • 3.281 ft 
• 39.37 in 
• 0.0006214 aile 

Velocity: 1 a/s • 3.281 ft/• (fps) 
2.237 miles/hr (mph) 
1.943 knots 

Discharge: l 'lll/s • 35.31 f~/s (cfs) 
22.82 million-gal/day (mgd) 

Density: 1000 kg/r • 62.43 lb/ft1 

Temperatura: -e - c-r - 32.0> • o.sss6 

Pollutant concentrations can be entered in any conventional 
■easure such as mg/L, ppb, bacteria-count, etc. 

Considering the potential accuracy of CORNIX predictions, 3 
to 4 significant digits are sufficiently accurate for most input 
data values as suggested in the abova convarsion list. 'nle only 
exceptions are the ambient and effluent density values. These 
may require 5 significant digits, especially Vben sillulating the 
discharg• toan ambient density-stratified receiving waterbody. 

I. Cbecklists far Input pata freparation 

Tables 2. 3. and 4 sumrize the data input requireaents of 
CORMIXl, 2, and 3, respectively and bave been enclosed to aid in 
the -•e■bly and preparation of this data. Prior to beginning an 
analysis, the appropriate table should be used as a check 11st to 
verify that all necessary data are available. 

V SYSTEM QtJTPVl' FEATQRES 

CORMIX is a highly interactiva systea and conveys intor■a­
tion to the user through qualitative descriptions and detailed 
quantitative numerical predictions. This output can be viewed on 
acreen, can be directed to a printer and is stored in 

1 >lfNW!llll #6 11: • ...,,, • 4 .111!'11~~-!\1ia,,'2!UJ .,A.fa@ ; ,Jk(dtnp<,ib/A%WA.~lliil40 ;.;, ii¼J, U:4 uµoo; t 41!1/L)A ¡¡¡.;;;; ¿.:, ,4; PAAA ;:;:¡ ;m tn'fi'l!II P,t. ,IWhU "' W ,1 ;y $ .¡G,½,}6i¼4!l-i@?,, i!? ,ff.i,A$$1W#!\i9F\i\.4!, .MH&!PP!i.t. ,.: 49 W,UM, .JU@N PJ)ifüt ,ffl,!)ii-\S¡s#AJlfJ.ef.ÁpP44 q:;w~o~ h,,,, .l+z -
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TABL!! 3 INPUT DATA CHEgLIS'f FOJ c;QRM;;;;-;2 
TABLE 2 TNPQT PATA CREcgLIS'l' FQR cc,;:g:X1 

CORMIX1 - Submerged single port discharges - CORMIX1 
CORMIX2 - Submerged multlport diffuser discharges - CORMIX2 

SITE/CASE IOENTIRER: Prepared by: 
SITE/CASE IOENTIFIER: Prepared by: 

Sita Name 
Discharger 
Pollutant Date preparad: 

Design Case 

Site Neme 
Oischarger 
Pollutant Date prepared: 
Oesign Case 
DOS FILE NAME 

DOS FILE NAME AMBIENTDATA: 

AMBIENT DATA: 
Bounded or unbounded7 ---Channel width ---m 
Channeldepth ---m 
Oepth at discharge m 
Ambient flowrate ==ffl'J/s or: Ambient velocity ___ mis 

Manning's n - or: Oarcy-Weisbach f ---

Bounded or unbounded7 ---Channel width ---m 
Channel depth ---m 
Depth at discharge m 
Ambient flowrate ==ffl'J/s or: Ambient velocity ---mis 
Manning's n --- or: Oarcy-Weísbach f ---
Denaityda1a: Oensity units: kg/nr 

Denaityda1a: Oensity units: kg/ffl'J 

Fresh or salt water? Temperature units: -e 
Density or l■fflP. values7 == 
¡t uniform; lt lltllifi!ld· 
Average density/temp. --- Oensity/temp. at surface ___ 

Oensity/temp.atbottom ___ 

Fresh or salt watw7 Temperatura units: -e 
Oensity or temp. values7 == 
11 unifprm; lf IIrlllif'll!I; 
Average density/temp. --- Oensity/temp. at surface ___ 

Oensity/temp. at bottom ___ 
Stratific:ation type 

==mi IPycnocline height 
Stratification type IOensity/temp. Jump 1 
IPycnoc:lina height ___ mi 
IOensity/temp. jump 1 DISCHARGE DATA: 

Nearest bank llett/riQhtl7 ___ Distance to one endpolnt ___ m 
DISCHARGE DATA: 

Nearest bank lleftlright)7 ___ 
Distance to nearest bank ____ m 
Vertical angla ITHETAI . 
Horizontal angla ISIGMAI == . 
Port height ---m 
Port diameter m or: Port area m2 

Discharge ftow rata - m1/s or: Discharge velocity ___ mis 

Discharge denSity === kg/m1 or: Discharge temp. --- "C 
Concentration uni1s -Discharge concentration 

Diffuser langth m to olher endpt. ___ m 
Total number of opanings == 
Port diameter m with contraction ratio ---Diffuser arransi-tJtype == 

Alignment angla IGAMM~ • Horizontal angla ISIGMAL__ • 
Vertical angla (THET Al . Rel. orientation (BETA) ___ • ---Port helght ---m 

Discharge flow ra1lt m1/s or: Oischarge veloclty --- mis 
Oischarga density == kg/m1 or: Discharge temp. --- "C 
Concentrflion uni1s ---Oíscharge concentra1ion 

MIXING ZONE DATA: MIXING ZONE DATA: 
Is effluent toxic7 --- lf yes: CMC value -CCC value -

Is effluent toxic7 --- lf yes: CMC value ---CCC value ---
Is there a WQ standard for 

conventional pollutant7 _ lf yes: value of standard_ 
Any mixing zona specifled7 ___ lf yes: distance m 

or width 1% or mi== 
ora,wal'lltorm•1_ 

Is there a WQ Standard for 
conventional pollur:ant7 ___ lf yes: value of standard ___ 

Any mixing zona specified7 ___ lf yes: distance m 
or width 1% or m,---
or area 1% or m2J == 

Region of interest ---m 
Grid intervals for display 

Region of interest ---m 
Grid intervals for display 

Date of data input into CORMIX1: Date of data Input into CORMIX2: 
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TABLE 4 INPQ'l' PATA CHEc;KI,XST F9B CORMl'.lQ 

CORMIX3 - Buoyant surface dischages - CORMIX3 

SITE/CASE IDENTIFIER: Preparad by: 
SUName 
Discharger 
Polutant Date pnipared: 
Design Case 
DOS FILE NAME 

AMIIENT DATA: 
Bounded or unbounded7 ---Channel width m ---Channel depth --- m 
Anmient flowrate ---m3/s or: Ambient velocity ---Manning'sn --- or: Darcy-Weisbec:h f ---
Danlity da1a: 
Fresh or salt water? 
Density or temp. values7 == 

kg/m' or: Average Temperatura Awrage density 

DISCHARGE DATA: 
Discharge loc:ated on lllflldgb1 bank7 
Diacharge configuratlon ___ lflush, protruding, or coflowing) 

Horizontal angle (SIGMA) ___ . lf protnlding: 
Oepth at discharge m Disunce from bank ---Bottom slope ITHETABI == . 

lf IWCtangular cross-sec:tion: lf circular cross-uction: 
Discharge channel width ___ m Outlet pipe diameter ---Discharge channel depth m 

Discharge flowrate == m3/s or: Discharge veloclty ---Discharge density ___ kg/m' or: Discharge temp. ---Concentration units ---Discharge concentratlon 

MIXING ZONE DATA: 
Is effluent toxic? --- lf yes: CMC value ---CCCvalue ---Is 1here a WQ standard for 

conventional pollutant? ___ lf yes: Vlllue of Sblndard ___ 
An, mixing zone specified7 ___ lf yes: dlstance 

« width ('lr. or m)---

«areal'lr.orm3J== 
Aegion of interest ---m 
Grid intervals for display 

Date of data input into CORMIX3: 

m/$ 

"C 

m 

m 

m/s 
"C 

m 
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subdirectory \CMXn\SIMn\ files. As stated previoualy, use of 
CORMXX's hardcopy echo feature is reco-ended. 

A. oualitative output; flow Pescriptions 

After completion of the input data entry sequences, the 
syst- proceeds through the program elements following the flow 
chart displayed in Figure 8. In 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 
typ- of descriptive information provided are: (a) descriptiva 
-•••ges, (b) length scale computation resulta and (e) flow class 
descriptions. The paragraphs within this Subsection aid in the 
interpretation of that information. 

The program el-ents PARAMn and CLASSn, in particular, 
provide essential information on the expected dynamic behavior of 
the discharge. By actively participating in the interactiva 
process, the novice and intermediate user can derive a 
substantial educational benefit anda technical appreciation of 
the physical aspects of initial mixing proc-ses. Although 
advanced users may find some of the presentad material somewhat 
repetitiva, they should still consult the length scale computa­
tion results. 

(1) Pescriptiye Messaqes- These messages provide both physical 
information and insight into the logic reasoning employed by 
CORMXX. Three example descriptiva messages are: 

"The effluent density (1004.5 kg/mA3) is greater than 
the surrounding water density at the discharge level 
(997.2 kg/mA3). 
Therefore, the effluent is negatively buoyant and will 
tend to sink towards the bottom." 

"STRONG BANK INTERACTION will occur for this 
perpendicular diffuser type dueto its proximity to the 
bank (shoreline), The shoreline will actas 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 computad on that 
basis." 

"The specified two layer ambient density stratification 
is dynamically important. The discharge near field flow 
will be confinad to the lower layer by the ambient 
density stratification. 
FUrthermore, it may be trapped below the ambient 
denslty jump at the pycnocline." 
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'l'h• preceding example output highliqhte eeverai featur•• of 
CORMl:X'• descriptiva -•sag-. These include: (a) conveying. 
basic infonaation about the involved mixing processee, (b) ueing 
a careful terainology (e.g. • .. tend to sinJt .. •), (c) deecribing 
key calculation assumptions, and (d) alerting the usar to 
sensitiv• analysis conditions. In soma instancas, the provided 
information -y be obvious to tha user, vhile in other• it aay 
not, particularly for situations involving linear ambient 
etratification. Tbe use of a caraful terminology is necessary 
because -•-ges are presentad as the analysis proceeds and 
subsequ.ent ~ts may alter, or amplify, initial results. For 
example, near-field instabilities, which are tested for late in 
the analysis, can prevent an otherwise sinking plllllle. 

(2) I,enqth Scale Computations- The program element PARAMn 
computes so-called •1-gth acales" which represent important 
dynamic -•sures about the relative influence of certain hydro-. 
dynamic processes on effluent lllixing. These calculated values 
are subsequently used in prograa element CLASSn to identify the 
generic flow class upon vhich the hydraulic simulations vill be 
based. This flov classification is accomplished through formal 
dynamic lenqt:11 acale analyaia, vhich is a key aspect of the 
theoretical underpinnings for the CORMIX approach. The CORMI:X 
documentation manuals (7,8,9) provide the theoretical background 
on length scale'definitions and significance, and three journal 
referen~ (10,11,12) give Slllllmaries of the length scal-, their 
derivation from principles of dimensional analysis, and their use 
in the CORMIX flov classification app~oach. 

Although flow classification is a formal process using 
criteri~ derivad from theoretical studies and/or experimental 
data, a great deal can be deduced about the flov dynamics by 
comparing the calculated length scales to the actual physical 
measures of tha ambient/discharge situation. Of greatest 
importance are comparison to such geometric ■easures as: the 
available water depth (HD), a pycnocline height (HINT) and the 
distance to the nearest banlc (DISTB). The following discussion 
provides a brief explanation of the more important length scales 
and examples on hov to make appropriate comparisons in a given 
application. Users are encouraged to malee these comparisons. 

a) Some important length scales relating to submerged round 
buoyant jets (CORMIXl) are described in Table s. All of these 
scales are defined fro■ en interplay of the ■omentum and buoyancy 
flux quantities of the discharge with each other or with the 
current velocity and stratification gradient variables. 

As en example, considera vertically discharging buoyant jet 
into en unstratified aabient receiving water. When both calcu­
lated L,. and I,, values are substantially less than the local 
water depth (HD), this is an i-ediate indication to the user 
that tbe cro-flow is very strong, leading to complete bending of 
the buoyant jet. If the reverse holds true, the crossflov may be 
so weak that its deflecting effect is negligible, and the buoyant 
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TABLE s LENGTH SCALES QSED IN CQRMIXl ANQ 2 

Jet[plume transitiolh.lenq:tl1 scale Cto.> 
definition: i.,. • M,; / J.' 
interpretation: For combined buoyant jet flow, the 
distance et which the transition from jet to plum• 
behavior takes place in a stagnant unifoni ambient. 

Jet[crossflow lenqth scale Ct..> 
definition: L,. • M,;112 ¡ U. 
interpretation: In the presence of a crossflov, the 
distance of the transverse (i.e. across allbient flow) 
jet penetration beyond which the jet is strongly 
deflected (advected) by the cross flow. For a strictly 
co-flowing discharge (9•0,a•O), the length of the 
region beyond which the flov is simply advected. 

Plume[crossflow lenath scale cr..> 
definition: I,, • J 0 / u.3 
interpretation: The vertically upward or downward 
flotation distance beyond vhich a plume becomes 
strongly advected by crossflow. 

Jet{stratification lenqth scale Ct..'J 
definition: L,.' • M,;1" ¡ e1" 

interpretation: In a stagnant linearly stratified 
ambient, the distance et which a jet becomes strongly 
affected by the stratification, leading to terminal 
layer formation·vith horizontally spreading flows. 

Plumetstratitication lenath scale C4'> 
definition: I,, • • J.1" / elll 

interpretation: In a stagnant linearly stratified 
ambient, the distance at which a plWlle becomes strongly 
affected by the stratification, leading to terminal 
layer formation with horizontally spreading flows. 

Notes: "-
J. -
Q. 

ª· u. -
º· e 

g•. 

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. 

jet will strongly interact (impinge) with the water surface. :In 
the first instance, a situation as depicted in Figures lb com­
binad with Figure la will result, while in the second instance, a 
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flow resembling Fiqur1s 2c or ll -Y arise, dependihg on the 
relation of the two scales with each other. 

As another example, considera buoyant jet discharging into 
a linearly stratitied ambient. If both L.' and ~• 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 wealt 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 
procesaes within the space constraints of the.ambient 
environment. Those interested in design can quickly gain an 
appreciation of the length scale measures and their sensitivity 
to design choices. However, there are liaitations to these 
simplistic comparisons bec.ause the "lenqth scales• are by no 
means precise measurements for the influence of the different 
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 aeasures with the 
geometric constraints or -ch other. 

b) some important length scales for aultiport diffusers 
(CORlllX2) are described in Table 6. To a large extent, th-• 
scales have a similar meaning for the behavior of the plane 
buoyant jet as the earlier ones discussed for the round buoyant 
jet {Table 5). However, they are calculated differently because 
the CX>RMIX2 system uses the "equivalent slot diffuser• concept to 
model the overall dynamics of the submerged 1111ltiport diffuser 
csubsection IIIBl. Except for the immediate close-up zone before 
the individual jets merge (Figure ld) this concept is a dynam­
ically valid and accurate representation of 11Ultiport 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 
example is circulating motions induced in shallow receiving 
waters dueto intermediate-field effects (Subsection IIA(ll). 
The hllllediate 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). 

e) Some important length scales that describe the near-field 
dynllllli.cs of buoyant surface jets discharging into unstratified 
receiving waters (CORMIX3) are listed in Table 7. These scales 
are defined in a similar -nner to the sublllerged discharged cases 
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TABLE 6 OYNAMIC LENGTH SCALES FOR MULTIPORT OIF_.tJSER IN THE 
TWO::PIMENSIQNAL "SLQT" QISCHARGE REPRESENTA'l'IQN 

s10t iet/plwae transition lenqth scale Ctw1 
definition: t1e • -. / j 011J 

interpretation: For combined buoyant jet flow, the 
distance at which the transition from jet to pluae 
behavior tak- place in a stagnant unifora ambient. 

s1ot iet/crossflow lenqth scale C<.> 
definition: t. • -. / u.2 

interpretation: In the presence of a crossflov, the 
distance of the transversa (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,a•O), the length of the 
region beyond which the flow is simply advected. 

s10t jet/stratification length scale <<.'> 
definition: t.• • ._•13 / c 113 

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. 

s10t plume/stratification lenqth scale <<,'> 
definition: t,• • j/3 ¡ can 
interpretation: In a stagnant linearly stratified 
ambient, the distance at which a plwae becomes strongly 
affected by the stratification, leading to terminal 
layer formation with horizontally spreading flows. 

erosstlow/stratification length scale CC,> 
definition: t, • u. / can 
interpretation: The vertically upward or downward 
floatation distance beyond which a plWDe becomes 
strongly advected by crossflow. 

Notes: m. • o.q., kine-tic momentum flux per lt. 
j 0 • g • 0q., kin-atic buoyancy flux par lt. 
q. • o.na./I,,, source discharge volume flux 
ª• • port area 
u.• aabient velocity 
00 • port discharge velocity 
e. • ambient buoyancy gradient 

9 1
0 • discharge buoyancy • g(p.-p 0 )/p 0 

n • total nUlllber of nozzl-
I,, ~ overall diffuser length 
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VJILE 7 DYNAKIC LENGTH SCALES FOR BUOYAIIT SURFACE J!!TS 
QISCHQGIN§ INTQ UNSTRATIFJED UCEIVDrG WATER 

Jet fplume transitioi¡.. ienITT'i sca1e <Ie«> 
definition: r.., • M. / J 0 

interpretation: For stagnant ambient conditi01111, the 
extent of the initial jet region before aixing changas 
over into an unsteady surface spreading motion. 

Jetfcrossflow ienqth scale Cb> 
definition: L. • lf.1Í2 / U. 
interpretation: The distance over which a discharging 
jet intrudes into the alllbient cross-flow before it gets 
strongly deflected. 

Plumefcrossflow 1enqth scale Cb> 
definition: X. • J 0 / u/ 
interpretation: A measure of the tendency for upstream 
intrusion for a strongly buoyant discharge. 

Notes: M. .. u.o., kinematic momentua flux 
:r. • q•.u., kinematic buoyancy flux 
O. • u.a., source discharge volwae flux 
a.• port area 
u.• ambient velocity 
u. • port discbarge velocity 

q' ... discbarge buoyancy • g(p 0-pJ/p0 

but dueto the discbarge location at the surface, they have 
different interpretations. For example, L. is c0111p&red to the 
channel width (BS) instead of the local water depth·as it -• in 
submerged case examples; if it exceeds BS, tbe discharge will 
quickly interact with the opposing bank. 

(3) ·Pescription of Flow classes- Program el-ent CLASSn, 
perfonis a rigorous classification of the given discharge/ambient 
situation into one of 111any generic flow el••••• 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 consista of an alphanumeric label corres­
ponding to the flow category anda 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 CTable 1). Pictorial illustrations of the 
flow classes can be found in Appendix A. Asan exaaple, 
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Piqure 17 sho- the pictorial illustration and text· description 
for flow class S1, a case of an effluent that becomas trapped in 
aabient stratification. It is strongly recommended that novice 
or intermediate users scrutinize these materials to gain a 
qualitative understanding of the effluent flow•s behavior. 

B. 

TABLE 8 FLOW cµss CATEGQRIES AND DESCRIPTIQNS 

CQRMIXl tJs flow classes) 
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. 

CQRMIX2 en 
Classes MS: 

Classes MU: 

Classes MNU: 

CQRMIX:l 111 
Classes FJ: 

Classes SA: 

Classes WJ: 

Classes PL: 

flow classes) 
Flows trapped in a layer within linear 
alllbient stratification. 
Positively buoyant flows in a uniform 
density layer. 
Negatively buoyant flows in uniform 
density layer. 

flow classes) 
Free jet flows without near-field 
shoreline interaction. 
Shoreline-attached discharges in 
crossflow. 
Wall jets/plumes from discharges 
parallel to shoreline. 
Upstream intruding plumas. 

Quantitative output; Numerical flow Predictions 

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 
ccmpliance with regulations. A concise summary is available on­
screen in the final system element SUMn anda detailed nWNrical 
output file is also generated for inspecting and plotting tha 
plume's behavior after the analysis. 

(1) summary output in SUMn- The self-explanatory summary output 
which can be displayed on-screen includes: (a) the date and tiae 
of the analysis section, (b) a complete echo of the input data, 
(c) the calculated flux, length scale and non-dimensional 
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0 
FLOV C1.ASS Sl 

Th1s flow configuration is profoundly affected by die linear 
aibient density stratification. 'Ibe predoainantly jet-lik• flow 
gets trapped at so• terminal (equilibrium) leval. The trapping is 
also affected by the reasonably strong ambient crossflow. 
Following the trapping zone, the clischarge flov forms an internal 
layer that is furt:ber influenced by buoyant spreading and pusive 
diffusion. 

Tbe following flow zones exist: 

1) Yeakly deflected jet in crossflow: The flow is initially 
doainated by the effluent -ntua (jet-like) and is weakly 
deflected by the aabient current. 

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

3) Terminal layer approach: The bent-over sub-rged jet/plume 
approaches the terminal level. Yithin a short distance the 
concentration distribution becomes relatively uniform across the 
plume width and thickness. 

_,. The zones listad above constitute the HYDllOD'YNAMIC MIXING 
ZONE in which strong initial mixing takes place . ......,. 

4) auoyant spreading in internal leyer: The discharge flow within 
the internal layer spreada laterally while it is being advected by 
the ambient current. The plume thickness -y decrease during this 
phase. The mixing rate is relatively small. The plU111e -y interact 
with a nearby bank or shoreline. 

5) Passive ambienc aixing: After some distance the background 
curbulence in the ambient shear flow becomes the dominating mixing 
aechanism. The passive plume is growing in depth and in width. The 
plume may interacc vith the upper layer boundary, channel bottom 
and/or banks. 

- Predictions vill be terminated in zone 4 or 5 depending on 
the definitions of the LEGAL MIXING ZONE or the REGION OF 
INTEREST.,.,.,. 

FXGQRE 17 EXAMPLE Qf A FLQW c;u.ss DESCRl'.PTIQN 

t J-3 
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parUleter values, (d) the flow classification used ~or predicting 
plum.e trajectory and mixing, (e) the coordinate system used in 
the analysis, (f) a sum.mary of the near-field hydraulic aixing 
zone (HMZ) conditions, (g) the far-field locations where the 
plum.e becomes essentially fully mixed (i.e. unitora concen­
tration) in the horizontal and vertical directions, (h) a auaaary 
ot the toxic dilution zone (TDZ) conditions, and (i) a suaaary ot 
the regulatory mixing zone (BMZ) conditions. Although the raw 
data used to construct this SUlllJllarY output is peraanently atored 
in file •tn•.cxs within the output aub-directory \aan\sncn, a 
hard-copy printout should be requested during the analysia 
session because the raw data file is unforaatted and doe• not 
contain the explanatory text that is available durinq progrua 
execution; 'fn' is the filename specified by the user during 
input data entry. 

The coordinate syst- conventio1111 pertain to the origin 
location and axis direction. In COBMIXl analyses, the origin is 
located at the bottom of the receiving water just below tbe 
discharge port center and thus, ata depth 'HD below the water 
surface. In CORMIX2 analy-s, the origin is located at the bot­
tom of the receiving water, at the midpoint of the diffuser line 
and thus, ata depth HD below the water surface. :In CORM:ID 
analyses, the origin is located at tbe 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 downstreUI along the x-axis; and the z-axi• 
points vertically upward. Note that when the uabient current 
direction varies (e.g. dueto reversing tidal flows), the inter­
pretation of simulation results becoaes more involved since the 
x-axis and the y-axis will change depending on flow direction. 

In addition to the numerical predictions of the plum.e size, 
location and chemical concentration, the summary of the near­
field hydraulic mixing zone (HMZ) conditions describes otber 
relevant plWlle features such as bottam attachaent, banlt 
interaction and the degree of upstream intrusion. This 
information is useful for both engineering design and for 
deteraining 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 plum.e where the local 
concentration begins to fall below the specified OIC. This 
location•s distance from tbe discharge structure is comparad to 
the three applicable u.s. EPA criteria (see subsection ;r;rB{3)l 
and the results of these coaparisons are displayed. 

When regulatory mixing zone (BMZ) 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 practicas discussed in 
Subsection IIBC4). The resulta of these COJDparisons are 
displayed. 

{2) Qetailed Prediction output File •tn•,cxo- The file •tn•.cxo 
stored within sub-directory \CMXn\SIMn contains the same kinds of 
information available in the sUlllllary output plus the detailed 
numerical predictions on plWlle geometry and aixing 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 ata later date by using the DOS PRINT coa.and. CORKIX 
will not erase any of the files with .oco (or .ces¡ extension 
that get stored in the \CMXn\SIMn sub-directory. Consequently, 
periodic directory maintenance is recoamended to remove old and 
superfluous files. 

The 'fn' .cxo file is a FORTRAN output file generated by the 
HYDROn prediction program. As is typical of aany FORTRAN 
outputs, its display features are ter- with tight format control 
and data items labeled in symbolic tora only (e.g. •oo• for 
discbarge flow rate). Complete output file examples can be 
inspected in Appendices B, c·and p. 

All three CORMIXn subsystems produce a 'fn•.cxo output file 
with co-on appearance and features as described in tha following 
paragraphs. 

a) Lead-in information: The output starts (and ends) vith 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 iaportant input data are the next 
items in the file. These are subsequently followed by the 
calculated length scale values, non-diaensional nlmbers of 
interest to the specialist, the flow class identification, and 
the coordinate system is displayed. 

b) Prediction resulta for each flov "aodule11 : As w­
mentioned previously in subsection IIIG. the CORMIX prediction 
methodology utilizas of a number of siaulation aodules tbat are 
executed sequentially and that correspond to the different flow 
processes and associated spatial regions whicb occur within a 
given flow class. Tha 'fn".CXO output reflacts that sequance and 
is a arranged in output bloc:Jts for eacb module. 
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Each si11Ulation IIOdula has a "MODnxx" label wnere •n• is 1, 
2, or J corresponding to CORMIXn, and •xx" is a two-digit 
identification nimbar. The two general types of modules are 
continuous flow and control volume. 

The continuous flov module type describes the continuous 
evolution of a flow region along a trajectory. O.pending on the 
nuaber of grid intervals specified by the user, intorma.tion on 
pluma geometry, flow, and mixing information along the plume 
trajectory may be avail_able for a few or 111any waterbody 
locations. 

Figure 18 provides examples of typical output from 
continuous flow modules. The annotations along the right urgin 
illustrate·important f-tures of the output format. Figure 18a 
was taken froa a CORMl:Xl 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 also gives a numerical list on the 
predictions, first repeating the final values from the preceding 
flow modul.e and then one line for each user-specified grid 
interval. This intormation 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 inversa of the fractional reduction in concentration between 
the discharge structure anda 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 llllbient spreading (Figure 6). Although it is terse, the 
output file values and co-entary generally provide a complete 
picture of flow conditions. In this example output (Figure 18bl, 
evidence of this completeness includes: (a) the prediction output 
is separated in two stages corresponding to before and after bank 
interaction, respectively; dueto the typical oblong cross­
section of the plwae in this stage, width diaensions for the 
vertical and lateral extent are given and defined; the 
coordinates for the upper and lower boundaries of the plumeare 
listad as a convenience for plotting; and the system searches for 
criteria that ~pply to mixing zone regulations and when a 
criterion is satisfied, a remark gets insertad 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 aodules. In this 
modeling approach, the outflow values for a region are computad 
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 <Figure 19a) vas 
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(a) Prediction Module within Near-Field of a Round 
Buoyant Jet Discharge (CORMDU) 
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(b) Prediction Module within Far-Field of a Multiport 
Diffuser Discharge (CORMIX2) 

FIGURE 18 EXAffl'LES QF CQHTlllQOQS JLOW MODJJLI 
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(a) Prediction Module for a Round Buoyant Jet Approach 
to the water Surface (CORIUXl) 
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(b) Prediction Module for an Upstream rntruding Plume 
From a Buoyant Surface Discharge (CORMl:X3) 

fXGURE 19 EXAMPLES QF CONTROL voµnm MODULE 
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taken from a CORMIXl si.Jlulation output file and gives predic­
tions for a flow case corresponding toan un.table near-field 
(Figure 2cl. Note that a separate listing of inflow variables 
and outflow variables is given vith appropriate explanations. 
The second example (Figure 19bl from a CORMDc:3 silaulation output 
file, sho- the predictions for the initial stage of an upstream 
intruding plllllle, important plllllle dimensiona, and inflow and 
outflov values. 

e) HUlllerous other suppl-•ntary •••••9•• on pluae behavior 
(e.g. bottom attachment, banlt contact, etc.) and on possible 
model restrictions (e.g. ambient dilution liai.tations in a flow­
restricted river) are contained in the output as varranted; 
Figures 18 and 19 provide but a fev examples of these user aids. 

e 3 > comments on Plottinq or Pluma Features- The case study 
materials in the Appendices should be consulted for some 
possibilities on hov to graphically display the plume features 
described in the 'fn' .cxo output file. As shown above, the plllllle 
is characterized by its centerline trajectory, dilution, and 
width values. If added detail in the plllllle crosa-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 co-only occurring plllllle cross-•ctions in the 
various regions predicted by the CORMIXn subsystema. 

By and large, all CORMIXn predictions are continuous from 
module to module satisfying the conservation of aass, maaentum 
and energy principles. Occasionally, some aisaatch- in plUJDe 
width can occur as a consequence of enforcing these principles. 
Most of these vill be barely noticeable with the usual plotting 
resolution and they can usually be safely ignorad. In addition, 
vhen bottom attachment or bank interaction occurs, the plUJDe 
trajectory is assllllled to (and simulation predictions do) shift 
suddenly to the boundary. In actuality, that shift vould be much 
more gradual and this should be considered vhen plotting plume 
features. 

VI CLOSURE 

A. svnopsis 
The Cornell Mixing Zone Expert System (CORMIX) is a series 

of software subsystems for the analysis, prediction, and design 
of aqueous pollutant discharges into diversa water bodies. The 
major emphasis is on the geometry and dilution characteristics 
of the initial mixing zona including compliance vith regulatory 
constraints. The system also predicts the behavior of the 
discharge plUJ11e at larger distances. The highly user-interactive 
CORHIX system is implemented on IBM-PC compatible 111icroco111puters 
and consista of three subsystems. These are: CORMIXl for 
sulmerged single port discharges, CORMIX2 for subllerged 
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Ce= centerline 
concentrotion 

Goussian 
profile 

Gaussion profile 
uniform laterally 

~~ --. uniform 
ª" concentration e 
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a). Submerged round 
jet /plume cross-section 
B = radius 
S = centerline dilution = .=-2. 

Ce 

b) Submerged plane 
jet/plume cross-section 
BV= normal width 
BH = lateral width e 
S = centerline dilution = -2. 

Ce 

e) Cross- section during 
buoyant spreading along 
water surface 
BV = vertical width 
BH = lateral width 
S = average dilution = Ce, 

Ce 

d) Cross-section during 
ambient diffusion process 
B V = vertical width 
BH = lateral width e 

Goussian profiles 
S = centerline dilution = -f 

e 

FIGURE 20 USEFUL REIATIOHSID:PS FOR PID'l'TDfG 
DATA FRQM cotumc; SnmLATroHS 
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multiport diffuser discharges and CORKIX3 for buoyant surface 
discharges. 

This user•s guide gives a comprehensiva 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 thrae subsystems; it 
provides instruction for the interpretation and graphical display 
of system output; and it illustratas practica! syst- application 
through severa! case studies. 

B. system and pocumentation Availability 

The CORMIX system prograas can be obtained from the u.s. EPA 
Center for Environmental Assessaent Modeling (CEAM), OSEPA-ERL, 
Athens, Georgia 30613-7799, Telephone (404)546-3590. Presently 
(Auqust 1991), the following versions of CORMIX are available: 
CORlllXl, Version 1.30 (August 1991); CORMIX2, Version 1.20 
(Auqust 1991); and CORKIX3, 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 
computar configuration are also provided by CEAK. 

The distribution versions of CORMIXn contain only the 
executable code of the FORTRAN program HYDROn; they do not 
include the source code. 'l'he source code can be requested 
separately by writing to CEAM at o.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 
11Ultiple interdependencias; only experienced research personnel 
ahoul.d att-pt this work when engagad in comparison of aodel 
predictions to new field or laboratory data. 

The documentation manual are available as o.s. EPA and NTIS 
publications, and have also been issued as technical reports of 
the DeFrees Hydraulics Laboratory. 

c. Fyture Pevelopments and Enhancements 

Data aatry faatura■ : Current CORMIX experience and user re­
sponse has shown that while the system is well adaptad to the 
novice and intermediate user its use becoaes cumbersoae for the 
■ore advanced user. This problea lies primarily in the present 
data entry interface. A simple spreadsheet-like data entry might 
be preferable. However, this would be dangerous since the changa 
of one variable can effect the consistency of the entire data set 
and require changas 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 
CORIIZX is a complicatad task dueto the diverae possibilities of 

• • • 

-67-

plume shapes and mixing zone patterns that can exist. Present 
development plana will evaluate trade-offs for plotting of at 
least the more common discharge/ambient situations. 

llydrodynaaic modal features: (1) CORMIX, as all initial 
mixing models, is a ■taady-■tate modal. In many situations of 
tidal reversing flows it is uncartain to apply such modela for 
the low-speed slack tide conditions that are the most 
conservativa 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 predictiv• elements 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 pluma 
iiapingement procesa; merging of individual plumas of multiport 
diffuser to forma line plume; transition between stratified flow 
(buoyant spreading) and passive diffusion in the far-field; and 
pollutant decay processes (CORMIX currently assumes a 
conservativa pollutant). 

Futura updated versions of CORMJ:Xn, 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, c/o Prof. G.H. 
Jirka, Cornell University, Ithaca, New York 14853, is greatly 
appreciated. 

VII GLOSSARY 

Actual Water Pepth {HD) - the actual water depth at the submerged 
discharge location. It is also callad local water depth. For 
surface discharges it is the water depth at the channel entry 
location. 

Aliqnment Angle {GAMMA) - the angle measured counterclockwise 
from the ambient current direction to the diffuser axis. 

Allocated Impact zone - see mixing zone. 

Alternating Diffuser - a multi-port diffuser where the ports do 
not point in a nearly single horizontal direction. 

Ambient Conditions - 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. 
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Ambient currents - A velocity field within the receivinq water 
which tends to deflect a buoyant jet into the current direction. 

Ambient-Qischarqe CQAl - the volumetric flow rate of the 
receiving waterbody. 

Average Diameter CPQl - the average diameter of the discharge 
ports or nozzles for a multi-port diffuser. 

Average Qepth CHA) - the average depth of the receiving waterbody 
deterai.ned from the equivalent cross sectional area during 
schemation. • 

Bottop Slope [THETABl - the slope of the bottom that extends from 
a surface discharge into the receiving waterbody. 

Buoyant Jet - a discharqe where turbulent aixing is causad by a 
colllbination of initial momentum flux and buoyancy flux. It is 
also called a torced plume. 

Buoyant spreadinq Processes - far-field mixing processes which 
arise dueto the buoyant forces caused by the density difference 
between the mixed flow and the a111Dient receivinq water. 

Buoyant Surface Discharqe - the release of a positively or 
neutrally buoyant effluent into a receivinq water throuqh a 
canal, channel, or near-surface pipe. 

Coanda Attachment - a dynamic interaction between the effluent 
plWDe and the water bottom that resulta fr0111 the entrainment 
demand of the effluent jet itself and is dueto low pressure 
effects. 

CUmulatiye Ambient Discharge - refers to the volumetric flow rate 
which occurs between the shore line anda submerged discharqe 
into a coastal waterbody. 

Darcy-Weisbach Friction Factor - a measure of the roughness 
characteristics in a channel. 

Peep Conditions - see near-field stability. 

Density Stratification - the presence of a vertical density 
profile within the receiving water. 

Diffuser I,ength CLDl - The distance between the first and last 
port of a multi-port diffuser line. See diffuser line. 

Ditfuser Line - a hypothetical line between the first and last 
ports of a multi-port diffuser. 

Discharge Yelocity CPQl - the average velocity of the effluent 
beinq discharged from the outfall structure. 
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Discharqe from Shore (DISTBl - the average distance between the 
outfall location and the shoreline. It is also specified as a 
cumula~ive ambient discharge divided by the product 0A ti_. HA. 

Discharge Flow Rate 1001 - the volumetric flow rata from the 
discharge structure. 

Discharge Channel Width CBQl - the average width of a surface 
discharging channel. 

Discharge Channel Depth CHO) 
discharging channel. 

the average depth of a surface 

Discharge Conditions - the geometric and flux characteristics of 
an outfall installation tbat effect mixing processes. These 
include port area, elevation above the bottom and orientation, 
effluent discharge flow rate, momentum flux, and buoyancy flux. 

Distance from Shore CYBl. YB2l - 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 
spreadinq motions and passive diffusion control the trajectory 
and dilution of the effluent discharge plwae. 

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 receivinq water. 

Flow Classification - the process of identifying the most 
appropriate generic qualitative description of the discharqe flow 
undergoing analysis. This is acc0111plished 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 fer the effluent discharge. 

Forced Plume - see buoyant jet. 

Generic Flow Class - a qualitative description of a discharqe 
flow situation that is based on known relationships between flow 
patterns and certain physical parameters. 

Heiqht of Port CHO) - the average distance between the bottom ~nd 
the average nozzle centerline. 

Horizontal Angle [SIGMA) - the angle measured countercloclcwise 
from the ambient current direction to the plane projection of the 
port center line. 
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Hydrodynamic Mixinq Processes - the physical proee~sea that 
determine the fate and distribution of effluent once it i• 
discharged. • 

Hydrodynamic Mixinq zone CHMZ) - the zone of strong initial 
mixing where the so called near-field processes oecur. It is tbe 
region of the receiving water where outfall deaign condition■ are 
most likely to have an impact on in-stream concentration■• 

Input Data Seguence - a group of questions from one of four 
topical areas. 

Intermediate-field Affects - induced flows in shallow waters 
which extend beyond the strictly near-field region of a multi­
port defuser. 

.Ill - see pure jet. 

Laterally Bounded - refers to a waterbody wbich is constrained on 
both sides by banks such as rivers, streams, estuaries and other 
narrow water courses. 

Laterally Unbounded - a waterbody which for practical purposes is 
constrained on at most one side. This would include discharge• 
into wide lakes, wide estuaries and coastal areas. 

Legal Mixinq zone {LMZ) - sea regulatory mixing zona. 

Lenqth scale - a dynamic measilre of the relativa influence of 
certain hydrodynamic processes on effluent aixing. 

Lenqth Scale Analysis - an approach which uses calculated 
measures of the relativa influence of certain hydrodynamic 
processes to identify key aspects of a discharge flow ao that a 
generic flow class can be identified. 

Local Water Depth {HD> - see actual water depth. 

Manning•s n - a measure of the roughness characteristics in a 
channel. 

Mean Ambient Velocity {UAl - the average velocity of the 
receiving waterbody's cross flow. 

Merqinq - the physical interaction of the discharge plWDes from 
adjacent ports of a multi-port diffuser. 

Mixinq Zone - an administrative construct wbich defines a limited 
area or volume of the receiving water where the initial dilution 
of a discharge is allowed to occur. 

Mixinq zone Requlations - The administrativa construct that 
intends to prevent any harmful i■pact of a diacharged effluent on 
the aquatic environment and its designated use■ . 
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M911entum Jet - see pura jet. 

Multi-port Diffuser - a structure with many closely spaced ports 
or nozzles that inject more than one buoyant jet into the ambient 
receiving waterbody. 

Near-tield - 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 tbe buoyant jet 
region. Stable discharge conditions are associated with weak 
mo■entum and deep water and are also sometimes called deep water 
conditions. Unstable discharge conditions have localizad 
recirculation patterns and are also called shallow water 
conditions. 

Neqative Buoyancy - the measure of the tendency of an effluent 
discharge to sink in a receiving water. 

Non-buoyant Jet - see pure jet. 

Open Format - data input which does not require precise placement 
of numerical values in fixed fields and wbich allows character 
strings to be enterad in either upper or lower case letters. 

Passive 1\lllbient Qiffusion Processes - far-field mixing processes 
which arise dueto existing turbulence in tbe ambient receiving 
water flow. 

~ - see buoyant jet. 

Positive Buoyancy - 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 callad 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. 

Pycnocline - a horizontal layer in the receiving water where a 
rapid density change occurs. 

Pycnocline Height {HINTl - tbe average distance between the 
bottom anda horizontal layar in the receiving waterbody where a 
rapid density change occurs. 

Reqion Of Interest {ROI) - a user defined region of the receiving 
waterbody where mixing conditions are to be analyzed. 
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Regulatory Mixing Zone CRMZI - the region of the receiving water 
where aixing zone regulations are applied. It is sometimes 
referred to as the legal mixing zone. 

Belative Orientation Anqle lBETAI - the angle aeasured either 
clockwise or counterclockwise from the average plan projection of 
the port centerline to the nearest diffuser axis. 

Schematization - the process of describing a receiving 
waterbody's actual geometry with a rectangular cross section. 

Shallow Water conditions - see near-field stability. 

stable Discharge - see near-field stability. 

Staged Diffuser - a multi-port diffuser where all pcrts pcint in 
ene directicn, generally fcllcwing the diffuser line. 

Stagnant Conditions - the absence cf ambient receiving water 
flcw. A ccnditicn which rarely cccurs in actual receiving 
waterbodies. 

Submerged Multi-port Diffuser - an effluent discharge structure 
with mere than ene efflux cpening that is lccated substantially 
below the receiving water surface. 

Submerged Single Port Discharge - an effluent discharge structure 
with a single efflux opening that is lccated substantially belcw 
the receiving water surface. 

surface Buoyant Jets - pcsitively cr neutrally bucyant effluent 
discharges cccurring hcrizcntally at the water surface frcm a 
latterly entering channel cr pipe. 

Surface Width lBSI - the equivalent average surface width of the 
receiving waterbcdy determinad frcm the equivalent rectangular 
cross secticnal area during schematicn. 

Toxic Diluticn Zone CTDZI - the regicn of the receiving water 
where the ccncentraticn cf a toxic chemical may exceed the acute 
effects ccncentraticn. 

Unidirectional Diffuser - a multi-pcrt diffuser with all pcrts 
pcinting te ene side cf the diffuser line and all ports criented 
mere or less ncrmally to the diffuser line. 

Unstable Discharge - see near-field stability. 

Vertical Anqle lTHETAI - the angle between the pcrt centerline 
and the horizontal plane. 

Wake Attachment - a dynamic interacticn cf the effluent plume 
with the water bcttom that is fcrced by the receiving water 
crcssflow. 

• • • 

-73-

Zone ot rnitial Dilution czrp1 - a term u-din old EPA docuaents 
to describe the llixing zcne for the discharge of lllUDicipal -.te 
water into the coastal ocean and scae large lak-; ita use can 
cau- confusion and should be avoided in the future. 
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Thi• cue atudy illustrates the application of coman to 
tha prediction of the effluent fro111 a s111&ll 111&nufacturing plant 
into a larqe and deep, stratified reservoir. 

B.1 Problp statevnt 
A aanufacturing plant (A-Plant) is discharqing its effluent 

into an adjacent deep reservoir. The plant desiqn flowrate ia 
3.5 aqd (• 0.153 r/s). The effluent contains chlorides ata 
concentration of 3500 ppa, and is released ata temperatura of 
6r r e- 20 -e, . 

The existing reservoir has been fonaed by flooding a river 
valley. The r-ervoir lenqth is approxillately 60 miles. The 
water level in the reservoir is fluctuating depending on the 
ralease operation at the dovnstream dam with its hydropower 
installation. During 8Ullllller eonditions, tha reservoir level is 
typically atan elevation of 710 ft abova aea level. Thi• 
resulta in a reservoir width of about 4000 ft (= 1200 111) anda 
maxi.lawa depth of 310 ft ("' 95 11) at the discharge location. The 
wean river flow into the re-rvoir during the au-r low-flow 
conditions is about 9000 cfa (• 255 r/•l. The typical 
teaperature of the inflowing river water is 55 '7 (• 13 -C). 

Figure B-1 shows the local bathyaetry (as obtained fr0111 a 
OSGS 111&p) in the vicinity of the proposed discharqe. Since the 
dillcharqe is very s111&ll relativa to the reservoir size and the 
aabient flowrate, it is expected that mostly local eonditions 
will be important, and not overall reservoir dimensiona. (Note: 
Any such conjecture has to be verified against the final 
simllation resulta, and adjustments have to be :made if needed.) 

Temperatura data as a function of depth obtained fr0111 field 
aeasur-ents in the center of the reservoir show a siqnifieant 
tewperature stratification (see Figure B-2l, as is typical for 
such deep reservoirs during sW11111er eonditions. The stratifica­
tion can be expected to be horizontally uniform and therefore 
siailar eonditions will hold at the discharqe site. Also, the 
river inflow is colder than the surface layer of the stratified 
reservoir. Therefore, it can be expected that the river water 
vill flow predominantly in a vertically limitad layer. In this 
exuiple, the layer is assumed to extend froa a depth of about 
30 • to .about 16 11 belov the surface. The velocity of that flow 
is estillated at about 1.5 cm/s e- 0.01s 111/s), given the 14 a 
thick layer andan about 1200 11 width at that elevation. (Note: 

• 
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More det&iled hydrodynaaic inveatigationa, uaing available aodela 
for ■tratified re■ervoir dynaaic■, can be u■ed to obtain 110re 
preci■e ••ti-te■ ot the velocity field.· ~ally, bovever, it· 
cannot be a■■-4 that the velocity in ■tratified -■ervoir■ i■ 
given by the ■iaple average of the flowrate clivided by tbe cro■■-
■ectional area.) 

Deslgn EJ.-- !LBl'ATION (ti) 

71011 1 

HD• 10011· 
HA• 115ft • 30.5 m 

-L:115.0m ~~-

~~~-
Scllamallc: 

lar 

900 

--t--+------------1 500 
7110 1100 500 400 300 2m 100 

01aaic:e Ftom Stlore (ti) 

FIGURE B-1 LOCAL D!TAXLS OF RESERVOD CROSS-SECTI:OK 
AIP cog¡x1 SCREMAfflA.TIOI( 

FIGURE B-2 
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Tbe propoaed di■cbarge location on tbe ■id• alópe of the 
crosa-■ection is also shown in Figure B-1: a aubllerged single 
port discbarge atan elevation of 610 ft above aea level, i.e. at 
a local depth of 100 ft (• 30.5 m) below tbe aurface, is propoaed 
in tbe initial deaign pbase. Tbe port diameter is 10 in 
(• 0.254 m) and is located 2 ft (• 0.6 m) above tbe local bottoa. 
Tbe discbarge is pointing perpendicular to tbe sboreline and is 
angled upward at 10 •. 

Tbe discbarge is subject to State mixing zone regulations 
wbereby tbe mixing zone width ia lesa tban 10 1 of tb• vidth of 
tbe water body. Furthermore, the chlorides in the effluent are 
conaidered as toxic with CHC and CCC limita of 1200 and 600, 
reapectively. 

a.2 Problem schematization and pata Preparation 

Table B-1 is the data sheet that summariz- tbe CORMl'.Xl 
input for tbe present probl-. The ambient water body baa been 
characterized as unbounded in line with tbe expectation tbat tbe 
discbarge plume will be small in size relativa to tbe r-ervoir 
width. Furthermore, since (a) tbe discharge elevation ia well 
above tbe lowest point of tbe reservoir and (b) tbe plmie ia 
expected to rise toward tbe surface, the ambient water deptb ia 
taken as 115 ft (• 35.0 m) only. The deptb at tbe diacbarge 
corresponda to tbe elevation at tbe discharge location. The 
ambient velocity correaponds to tbe estímate made above far tbe 
atratified water body. A Manning•a n value of 0.02 d-cribes tbe 
81100th bottom. 

Density data is simply enterad via the t-perature values of 
tbe fresb water body. A Stratification Type C is choaen to 
d-cribe tbe actual t-perature profile. 

The diacharge data values &UlllllUlrize the discbarge situation 
as d-cribed above. Finally, tbe mixing zone specificationa 
include a widtb value of 120 m, corresponding to 10 1 of tbe 
-ter body width of approximately 1200 m. Information is desired 
over about one mile (• 1600 m) which represents the region of 
interest (ROI) limitation. 

B.3 coRMrx1 session and Besults 
If desired by tbe user, CORMIXl provides a summary of the 

data as tbey are entered, and then a full record of tbe simula­
tion aequence and final resulta. Tbis session swmaary ia sbown 
in Table B-2. Of particular interest to the user are the 
evaluationa in prograa el-ent PARAM and CLASS. Note, tbat the 
computad length scales L.' and 4 • are quite •-11, indicating 
that the jet or plume will be trapped quickly by tbe ambient 
atratification; tbua, tbis is tbe first nwaerical indication tbat 
tbe near-field jet/plume will indeed be small relativa to tbe 
reaervoir. The crossflow related acales L. and 4 are quite 
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TABLE B-1 DATA SHEET FOR STJBKERGED SINGLE PORT 
QISCHARGE IN QEEP RESERVQI'R 

CORMIX1 - Submerged single port dischar9_es - CORMIX1 

SITE/CASE IDENTIFIER: 
Sire Name 
Discharger 
Polutant 

QEEP RESERYDIR 
A-PLANI 
CHLORIDES 

Preparad by: 

GHJ 

Date preparad: 
Design Case 
DOS FILE NAME 

SUMHER~S]MTIFICATION 
SUMMER1 

AMIIENT DATA: 
Bounded or unbounded7 
Channelwidth 
Channeldepth 
0epdi et discharge 
Ambient flowrate 
Manning's n 

Densitydata: 
Ffesh or salt water? 
Density or ternp. values7 
lf unjfprm; 
Average denslty/temp. 

DISCHARGE DATA: 
Narest bank (left/rlghtl 7 
Disrance to nearat bank 
Venlcal angla (THETAJ 
Horizontal angle (SIGMA) 
Portheight 
Port diameter 
Discharge flow rate 
Discharge denslty 
Cancenualiotl unlts 
Disc:harj!B_ conc:errtration 

MIXING ZONE DATA: 
Is eflluent toxic7 

~DEO 
--- m 
35.0 m 
30.5 m 
-:::- rrr/s 
0.02 

FRESH 
-inw-

RIGHT 
~m 
~­
~­
~m 
°'ii:254m 
o:,n- rrr/s 
-::-:--kg/rrr -mr-
Tsor 

J'.ll.._ 

Is thete a WQ standard for 
conventional poltutant7 NO 

Anr mixlng zone specifiedt!il.__ 

RegiDn of lnterest 1600 m 
Grid intervals for display ZO--

10/18/91 

or: Ambient velocity 
or: Darcy-Weisbach f 

Denslty units: 
Temperarure units: 

lf SJJJltified ; 

..!hQli_m/s 

kg/rrr 
"C 

Denslty/ternp. at surface.za..L_ 
Denslty/temp. at bottom.lL.Q..._ 
Stratification type .k.--
(Pycnoc:llne height ll..L_ m) 
(Denslty/temp. j\lmp ~ ) 

or: Portarea 
or: Discharge velocity 
or: Discharge temp. 

lf yes: CMC value 
CCC value 

_. ___ rrr' 
20- m/s 
=..Q__"C 

..lZlKL 
~ 

lf yes: value of standard ---
lf yes: d"istance --:::-- m 

or width "' or ml.J.Z.12..Ja. 
or area "' or m2l __ _ 

Date of data input lnto CORMIX1: 10/18/91 
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TABLE B-2 CQRMIXl SESSIOJf RECORD FQR PEEP RESERVQI'R 

xxxxxxxxxxxxxxx 
COIIIIELL IUXUG 10111: EXPSll'l' n5'1'EM 

CORMIXl: Sllbllar9•d Singla Port Disc:llarva CU varaion l.30 (Aupat 1991 
Start of ••••ion: 2-5-1992 15:11:23 ............................................................................. 

SIINKAllY: SI'n:/CASE DESCRIPTIOII 
Sita n-
Effluent disch&rgar 
Pollutant 

= DEEP llESEIIVOIJl 
" A-PLAIIT 
= Cllt.ORIDES 

DESIGII CASE 
FILE IIAKE 

a SUMKER-S'l'IIA'l'IFICA'l'IOH 
= SUMMElll ............................................................................. 

SDHIIARY OF AMBIEIIT COIIDITIOIIS: 
'l'he aabi•nt watar body is unl>oundad. 

Averag• watar daptll 11A = 35.0 ■ 
Depth at discharga BD = 30.5 • 
Ambient veJ.ocity DA = 0.015 ■/a 
Mannin9's n 11 = 0.02 

Aabient Density Stratification Type C: Constant dansity surfac• layar with 
linear density profil• in botto■ ayer •~•tad by a density juap. 
Surfaca dansity IUIOAS = 996.340811 k9/■-l 
Bottoa denaity lUIOAII • 999.691214 k9/■-l 
Intarmadiat• l•vel BS = 15.5 ■ abovtl bottom (pycnocline) 
Pycnocline dansity juap DJUIOJ = 2.222656 k9/■-3 
Top lowar layar density RBOAP = 991.563531 kg/■-3 
Buoyancy gr•di•nt E = 0.000714 l/a"2 
Buoyancy gr•di•nt ES = 0.002120 l/■-2 (aurroqata) ............................................................................. 

SDHIIARY OP DISCIIAIIGE COIIDI'l'IOlfS: 
Distan<:• to naar••t bank DISTII 
.. arest bank/ahor• 
Port llai9ht 
V•rtical an9l• 
Borisontal an9le 
Port dia■etar 
Portar•• 
Dischar9a flowrat• 
Diachar9• -locity 
Diachar9• dansity 
Effluant concantration 
Conc.,.tration units 

80 
'l'BftA 
SIGNA 
DO 
AO 
QO 
DO 
RBOO 
co 

s 46.0 ■ 
= right 
.. 0.6. 
= 10 dag 
• 90 da9 
= 0.254 ■ 
= 0.050619 ■-2 
• 0.153 ■-11■ 
• 3.019591 ■/a 
= 998.317207 kg/■-3 
• 3500 
= PPM ............................................................................. 

SUIIMABY OP NIXIIIG ZOIIE PAllAMETSllS: 
'l'h• •ffluent i■ toxic H definad by USEPA standard■• 

'1'ha diacllarge is IIUl:lject to 'l'oxic Dilution zone (TDZI rutrietiona. 
CMC ,. 1200 PPM. 
CCC = 600 PPM. 

llagulatory Mixin9 ZOaa (IIMZ) i■ spacified by width. 
Mixin9 zon• ext•nt • 120 (■ if 1~ or width or ■º2 if ar .. ). 

llagion Of Inter•st (ROI) is spacifiad by downstraaa diatanc•. 
XIll'l' = 1600 • froa diach&r9• poiat 

IIU■ber of intervala for pradiction display• 20 ............................................................................. 
............................................................................. 
Pro9r- El-nt PAIUUI: Desip ca.a: s--S'l'IIATIPICA'l'IOR 

lelative dansity differancas bat- dischar9a Uld -i•nt: 

A■biant density at the diachar9• leftl UOABO = 999.647644 kg/■-3 
Surr09at• -i•nt density at dischaqa l•vt,l UOABOS = 999.561514 kg/■"3 
V•rtical ••an Ulbient d•naity RBOllll "'997.757019 k9/■"3 
'l'h• •fflu•nt d•nsity (991.317207 k9/■"3) is l••• than th• aurroundin9 

l m !"*' I[';"""" J!f,l@N?.~ w._cs Mu. ,,"""1.•t.;lfi?.J.?#iij,Qijiéi .. M)AP$,41R,t..F.t~-$@ J.,aa J.U,i'Af(CA\PZ s§)q«a.12:;_¿:_2, .,:a t,t..tmtpo;,.;r.c; c;w;:4 ;;_; -4.&.:44s¡¡.;;¡.::¡;. J;¡.ax '~A••::uMiJ;;¡:;;;.%!;,a , . .w ;.,~?tMt:«4¾;.Uii,:;;:;w;ftJ,, ➔ J,Jt½& >.?AJ4&;::&\:;p:.,;;.,.~¡;; 111a:¡uss•.;;4;;:¡;;p;y;me10+1wmu1rn p:,;:1i,-,;.; ?i\W 
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TABLE B-2 (Continuad) 

-ient water density at tlle diacbar9e level (999.647644 k9/■-3). 
'llaerefore, the effluent is positively buoyant and vill tend to rlae tovarda 

tu surface. 

n- bulk parueters: 
Disc:llar9e volwu flux 
lti.adl&r9e mo■entu■ flux 
Di.scla&r9e buoyancy flux 
Sarrogate dischar9e buoyancy flux 

now length ■cales: 

QO = 0.153 ■-3/s 
NO= 0.461999 ■-41■•2. 
Jo• o.001a,2 ■-41■-3. 
JOS • 0.001763 ■•4ts•3. 

IU.sc:harge length scale LQ • 0.225091 ■ 
Jet crossflov length scale La= 45.313641 ■ 
Pl.- to crossflov length scale Lb = 560.546753 ■ 
Jet to pluma transition length ■cale LK = 12.88J611 ■ 
Jet stratification length scale La' = 5.043541 ■ 
sarrogate jet stratification lengtb ■cale L■ 's = 3.842166 ■ 
Pl- stratification length ■cal.e Lb• = 3 .155618 ■ 
Surrogate pl- stratification length ■cale Lb'•= 2.091193 ■ 
'llae surr09ate length ■cal.es assuae an equivalent linear stratífication 

including the density jump in tbe lover layar. 

IIOll-di■ensional par .... ters: 
Deui■etric Proude nu■ber PRO • 53.1180943 
Jet/Crossflov Velocity Ratio 11 = 201.306534 ............................................................................. 
............................................................................. 
Progra■ El-t CLASS: Design ca.e: ~-STIIATIPICATIOII 

flle near field flov configuration will bave the follovin9 featuru: 

U flow trapping occurs, tben the fl.ov i■ jet-like and i■ ■trongly affected 
by the &llbient density !tratification witb a weak cros■flow effect (if anyl 

~ specified two layar a■bient density stratification i■ dyna■ical.ly 
iaportant. Tbe discbar9e near field flow will be confinad to tbe lower 
layer by tbe a■bient density stratification. 

Purtbermore, it ■ay be trapped belov tbe a■bient density ju■p at the 
pycnocline. 

n.e discbar9e naar-field bellavior is doainated by eit!ler tbe po■ itive 
buoyancy of tbe discbar9e or tbe apward vertical orientetion of the 

•· discbar9e port. 
'll>ere is tbe poHibility of dyna■ic botto■ attacb■ent. 

fll.e followin9 conclusion on tbe flow confi9uration applies to tbe 1-er 
layar only of tbe specified a■bient stratification condition c. 

Ilota that the lower layer will be overlaid by the surface layer of the 
-ient density stratification. Tbe ■urface layar vill re■ain undi■turbed 
by tbe near field discbar9e flow (vitb tbe exception of so■e possible 
iatrusion &long the pycnocline): 

♦--------------------------------------------Flow class S3 
Applicable layar deptb HS = 15.5 ■ 

♦----------------------------------------
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

;---V.MAO 2t.4,AA%;t Mw,;tJibU,M\&Jt& P(¡t IG,L ,,,A3f,, 
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TABLE 1-2 (Continued) 

............................................................................. 
Program Ele■ent SUM: Design Case: SUMICD-STRATIPICATIOH 

-----------------
X-Y-Z Coardinate sy■te■ : 

Origin is located at tbe botto■ below the port center: 
46.0 • fro■ tbe ri9bt bank/■bore. ---------------- ------------------------IIYDROD~C KIXIJIG Z0IIE (IIIU) COIIDITIOIIS : 

Rote: 'l'be BKZ is the zone of strong initial ■ixin9. It hu no legal. 
iaplication. -..ar, tbi• infor111Ation ■ay be u■eful • for tbe 4i■char9e 
desi9aer because tbe ■ixing in the IIMZ i■ usually ■enaitive to tbe 
cliscbKp clesign c:oaditions. 
Pollutaat concentration at edge of IIMZ 
Dilut• at edqe of BMZ 
BMZ Loc&tion: 
(centerline coordinatesl 

BMZ p1- di■an■iou: 

X= 
y 
z = 

balf-widtb = 
thickness = 

264.7477 
13.2 

62.45 ■ 
10.39 ■ 
2.41 ■ 

l24.9l. ■ 
.53 ■ 

--------------------------------· tlPS'1'REM INTRUSIOII SUKIVJIY: 

Pl'II 

Plume eaibits apstream intrusion dueto low Ulbient velocity or st.ron9 
cliscbaz9a buoyancy. 

Intrusion length .. 62.45 ■ 
Intrusion au.,...tioa point = -62.45 ■ 
Intruuoa t.bickne■■ " 1.34 ■ 
Intrusion balf widtb at i■pin9-ent = 124.91 ■ 
Intrusion ~ thi.c:kneu at iapin9-t = .53 ■ 

*••••••••••••••••••••••• TOXIC DILU'!'IOH IONE SUMMAllY •••••••••••••••••••••••• 
llecall: ne TDZ corresponda to tbe tllrH (3) criteria i■■ued in the USEPA 

Tecbni.cal Support aoc-t (TSDl for Water Qual.ity-bued Toxics Control, 
1991 (IIPA/505/2-90-001). 
Criteri.on ■axi■u■ conceatration (CMC) s 1200.000000 
Correapoading dilution 

flle CMC -■ encountered at the 
Plu■e lac:ation: 

(centerline coordinate■ l 

Plwu diaension: 

s 2.9 
following pluae position: 

X : .00 ■ 
y = 2.37 ■ 
z = . 75 ■ 

b&lf-widtb a .40 ■ 

Plll 

Criteri.- 1: Tbis location -i■ witbin 50 ti■e• the diacbar9e leagtb ac:ale of 
Lq • .22 •. 

+++++ ne discbarge lengt.11 ■cal.e te■t for tbe TDZ b&s beeD SATISP:tm. ++++++ 

Criterie 2: Tbi■ location is witbin S ti■es tbe &llbient water deptb 
HD = 30.50 ( ■). 

++++++♦-+ Tbe Ulbient deptb te■t for the TDZ has been SATISPIED.♦-♦♦-♦♦ 

Criter~ 3: Tbis location is within one tentb tbe di■tance of tbe extent 
of tbe Regulatory Kixin9 zona of 41.33 • dovnstr••· 

-♦++ '1'lle Regulatory Mixing Zona te■t for tbe TDZ has been SATISFIED. ++++++ 

flle diffaser clischarge velocity is equal. to 3.01 ■/s. 
This ezceeds tbe value of 3.0 ■I• r•c-nded in the 'l'SD. 

++ The discbarge velocity recaaendat~on for tbe TDZ ha■ been SATisrtm. -• 

••• All tJlree CIIC criteria for tbe TDZ are SATISPIBD for this di■charge. 

•••••••••••••••••••••• REGULATORY MIXIRG ZONE SUMMAJtY ••••••••••••••••••••••• 
flle pl.- condition■ at t.!le boundary of tbe specified lltKZ are u foll-■: 

,~11#\►ffil.!IUii;ikM!,MI! U& #!04..t, J;,t«,µ4 }.H Oi\+ .9;;,¡;¡itli,4.¡@ iifliM1PM A?"- 4?. A 4W14;PAAl.4i1$.&AAt!!f\tW ·-"" ;P®¾# $ ,/4,,JJµ MMW i ,A l4!BJ, a;:+;;t;; 11#$ ;, H 1W 
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TABLE B-2 
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-Ba­

(Continued) 

Pollutant concentration 
Corresponding dilution 

300.556700 PPM 
11.9 

Pl- location: x 41.33 ■ 
(canterline coordinatesl y= -46.00 ■ 

z = 2.41 ■ 
Pl- cliaen■ion■: half-vidth = 120.00 ■ 

thickne•• = .49 ■ 

At t!:ill po■ition, tbe pl- is contacting to the rigbt bank. 
Furtllerlllore, the CCC for tlae toxic pollutant has indeed been ■et 

witllin the RMZ. In particular: 
'1'lle CCC vas encountered at the foll-ing plu■e positioll: 
The CCC for tbe toxic pollutant vas encountered at tlle folloving 
pl- position: 
CCC 
corresponding dilution 
Pl,_ location: 

(centerline coordinate■ l 

Pl- diaension: 

X : 
y = 
z = 

ulf--vidth = 

600.000000 
5.8 

.oo. 
5.96 ■ 
1.27 ■ 
.ao ■ 

PPM 

• 

............................................................................. 
DESIGN CASE: SUMMER-STRATIFICATIOII • FILE IIAME: StJMM 
End of session: 2-5-1992 15:31: 5 

CORMIXl: Sub■er,¡ed Single Port Oiscbarges CU Ver■ion 1.30 (August 1991 
x,:xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxltXXXXXXXXXXXXXxxxxxxxxxxxxXXXXXlCCxxx 

IOte: .._,.._ dlotrlbuted ..,. 111 EPA end C-11 unlveralty 111th tlle -
veralon ..-ra aoy - al_. prwt• 1-.tcal ol .. latl., .....,ltl - to 
o '" ti• bo.- die dlac_,.., af -1• P'"ot•• codo onora end tlle 
tr--lulon ef ~,- f,_ -11 to tllo EPA 001,...,. dl ■trlbutlon 
,wtwrt. n.11 - atullr ......- IIUCII • oltuotlon; the ll'A Wf' 1.JO 
-•- •1-latlon ,-1u ohlcll dlffer oll9htly Ira thola - -• 

large, indicating that the aabient velocity ia ver¡ vealt. The 
resulting flov claaa S3 ia doainated by the ambient stratifi­
cation¡ the plume vill be liaited to the lover layer of the 
stratification. The usar should also consult the d-cription of 
flow class S3 that is available during the CORKIX1 aesaion (not 
reproduced here). The detailed pl1D1e properti- are coaputed in 
program element HYDRO, and are displayed in the Fortran output 
file (see Table B-3, discussed in ■ore detail further belov) • 

Many important features of the plume prediction are 
sumaarized in program element stlM of the aession record<•­
Table B-2). Notably, a11·aspects pertaining to :aixing zone 
regulations are contained in that •UJIIJll&rY• For exa111ple, it can 
be aeen quickly froa that suaaary that the presant discharge 
configuration ■aeta all thr- toxic dilution zone (TDZ) criteria 

• • • 
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TABLE B-3 00TPOT FILE FOR DET.llL!D CORKIX1 PREDICTION 
FQB PEEP Bl$ERVQXB 

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 

COIUIEI.L MIXIIIG ZOIIE EXPDT SYS'l'EM 
COltMIXl: Submerged Single POrt Dischargu cu Version 1.30 (Au9ust 199 

------------------------------------------
CASE DESCRIPTION 

SITE IIAME: 
DISCIL\IIGER NAME: 
POI.LUTAIIT NAME: 

DEEP RESERVOIR 
A-PLANT 
CBI.ORIDES 

DESIGN CASE: SUMKER-STRATIFICATION 
DOS FILE NAME: SUMMERl.CXO 
DATE AllD TIME OF FORTRAN SIMUI.ATION: l-16-1992_18:19:31 

EIIVIRO!lMEIIT PARAMETERS (METRIC UNITS) 
UllBOtlllDED SECTION 
11A = 35.00 BD = 30.50 
UA = .015 F = .010 

DENSITY STRATIFIED 
STRCHD = C 

EIIVIRONMEIIT 

RBOAS = 996.34 RBOIJI = 
BINT 

999.69 
15.50 

.2120E-02 

DRBOJ = 2.22 RBOA = 99999. 
RBOABO = 999.65 
E = .7140E-03 ES 

DISCllARGE PARAMETERS (METRIC UNITS) 
BAIIJ!( = RIGBT DISTB 
DO = .254 AO 
TRETA = 10.00 SIGMA 
uo = 3.020 QO 
RBOO = 998.39 DRBOO 
co • .3500E+04 UNIWS 

FLUX VARIABLES 
QO • = .l530E+OO MO 
ASSOCIATEI> LENGTB SCAI.ES 
LQ s .23 LM 

RON-DIMEIISIONAL PARAMETBRS 
FRO = 53.88 R 

FLOW CLASSIFICATION 

= 46.00 = .051 80 
= 90.00 
= .153 (QO 
= 1.26 = PPM 

• .4620E+OO 
(METERSl = 12.U 

201.31 

GPO 

JO 

La 
I.mp 

= ·'º 
= .l530E+OO) = .1237E-Ol 

= .1892&-02 SIGNJO • l.O 

= 45.31 Ll:I • 
= 5.04 Ll:lp 

..................................................................... 
FLOW CLASS = S3 • 
APPLICAJILE LAYER DBPTB as = 15.50 • ..................................................................... 

MIXING ZONE / TOXIC DILUTION / REGION OF INTEREST PARAMETERS 
co = .3500E+04 CtlJIITS = PPM 
NTOX = 1 CMC = .l200E+04 CCC = CSTD 
RSTD = l CSTD • .6000&+03 
LEGMZ = l LEGSPC = 2 LEGVAL = 120.00 
XLEG = ·ºº WLBG = 120.00 ALEG = .oo 
XIIIT = 1600.00 
XMAX = 1600.00 
RSTEP = 20 

x-Y-z COORDIIIATE SYSTEM: 
ORIGIN is located at the bottoc and belov tbe center of the port: 

-46.00 e fro■ th• RIGBT bank/shore. 

560. 
3. 

X-axis points downstreaa, Y-axis points to left, z-axi■ points upvard. 
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(Continued) 

___________________________________________________ , ________ _ 
BBGIN MODlOl: DISCIIAllGE MODULE 

PIIOFII.E DUINITIONS: 
B = Gaus■ian 1/• (371) half-vidth, normal to trajectory 
e• centerline concentration 
S = corresponcllng centerline dilution 

PREDICTIOII 
X 
·ºº 

y 
.00 

z 
.60 

s e 
1.0 .350E+04 

EKD OF 110D101: DISC!IARGE MODULE 

B 
.u 

------------ ------------------------------------------------------------BEGIN 110D114: 111Dll-BOBIZONTAL JET IN LIKEAB STBATIFI~IOII 

CllOSS-P'LOWIKG DISCBllGE 
PIIOFILE DEFINITIONS: 

B = Gau■sian l/e (3711 half-vidth, normal to trajectory 
e• centerline concentration 
s = corresponcling centerline dilution 

PBEDICTION 
X y z s e • .oo .oo ·'º 1.0 .350E+04 .u 
·ºº .52 .62 1.4 .246E+04 .20 
.oo 1.04 .65 1.8 .190E+04 .25 
.oo 1.56 .u 2.3 .154E+04 .31 

·ºº 2.08 .72 2.7 .130E+04 .37 

** CKC BAS BEEK FOtJIID * * 
TIIE POLLUTAKT C01'CElffBATION IN TIIE PLUME FALLS BEt.Olf ftE CMC VAWE OF 

IN TBE C11BREIIT PIIEIIICTION IHTERVAL. 
TBIS IS TBE EX'l'ENT OF TBE TOXIC DILUTION ZONE. 

·ºº 2.60 .77 3.1 .113E+04 .43 

·ºº 3.12 .83 3.5 .991E+03 .49 

·ºº 3.64 .90 4.0 .885E+03 .54 

·ºº 4.16 .97 4.4 .800E+03 .60 

·ºº 4.68 1.05 4.8 . 729E+03 .66 

·ºº 5.20 1.13 5.2 .670E+03 .72 

·ºº 5.72 1.23 5.6 . 620E+03 .78 

** WATER QUALITY STAlll)AIII) OR CCC BAS BEDI FOUKI) ** 

.121: 

TBE POLLUTAKT COKCEKTBATION I1' TBE PLUME FALLS BELOlf TBE WATER QUALITY STAND 
OR CCC VALUE OF .60E+03 IN TBE CUBBDIT PREDICTIOII IJITDVAL. 

TBIS IS THE SPATIAL EXTENT OP COKCBNTRATIOHS EXCEE!naG '1'BE WATER QUALITY 
STAIIDAltD OR CCC VALUE. 

·ºº . oo 

·ºº ·ºº ·ºº .oo 
.oo 
.oo 
.oo 

6.24 
6. 76 
7.28 
7.80 
8.32 
8.84 
9.36 
9.88 

10.40 

1.33 
1.44 
1.56 
1.68 
1.11 
1.95 
2.10 
2.26 
2.42 

6.1 .577E+03 
6.5 .539E+03 
6.9 .507E+03 
7.3 .477E+03 
7 .B .451E+03 
8.2 .428E+03 
8.6 .407E+03 
9.0 .388E+03 
9.4 .371E+03 

.13 

.19 

.95 
1.01 
1.07 
1.12 
1.18 
1.24 
1.30 

atD OF M0D114: NEAB-IIORIZONTAL JET IN LIIIEAB STRATIFICATION 
----------------------------------------------
----------------------------------------------------------------
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(Continued) 

BEGIN MOD137: 1'EIIHINAL LAYElt INJECTION/UPS'l'RUK SPREADIIIG 

CONTROL VOLlfta 

UPSffBAH IN'l'RUSYON PBOPERTIES: 
MAX/MIII ELEVATION OF Jff/PLUME BISE/FALL e 3.72 ■ 

1.30 a 
62.46 ■ 

-62.'5. 
1.35 ■ 

• 124.91 ■ 
= .54 ■ 

LAYER ftICJCIIESS IN INJECTIOII REGIOII = 
UPSt'BEAII INTBUSION LEIIGTB = 
X-POSITION 01" UPSTREAM STAGIIATION POift " 
TBictaalSS IN UPST'llEAII IN'l'RUSION REGIOII 
BALF-WIDTII AT DOIINSTREAH atD 
TBICDISS AT DOIIHSTREAM atD 

PROFILE DEFIKI'fIOHS: 
av = top-hat thicknes■ ,measured vertically 
BB = top-hat lullf-idth, meuured horisontally in Y-direction 
e= average (bulkl ccmcentration 
S = correspoading average (bulkl dilution 
ZU = -r p1- boundary (Z-coordinatel 
ZL = lover p1- boundary (Z-coordinatel 

PBEDICTXOK 
X y z s e 

COBTROL VOLIJNE DIFLOW 
.oo 10.40 2.42 9.4 .371E+03 
X y z s e 

C0lffll0L VOLllNE OUTFLOII 

B 

1.30 
BV 1B zu ZL 

62.46 10.40 2.42 13.2 .265E+03 .54 124.91 2.69 2.15 

Elll> OF 110D137: T'DMIKAL LAYEB IJIJ'ECTION/UPST'RDM SPBEADIICG 

••• END OF BYDIIODYNAMIC MIXING ZONE (BMZ) *** 

IN TBIS DESIGN CASE, TIIE DISCBARGE IS LOCATBD TOO CL0S& TO ll&IIJt/SBORE. 
SOIIE B0tJIIDABY DTERACTION OCCOltS AT EKD OF IIBAll-nELD. 

TRIS IIAY BE IIBLATBD TO A DESIGII CASE lfITB A VD.Y L0II MBIBft IIBI.OCITY. 
TBE DILUTIOII VALUES III 0IIE OR MORE OF '1'BE USCEDIIIG ZOIIES IIAY BE TOO BIGB. 

CAREFULLY BVAUIATE llESULTS III NEAR-FIELD ANO IISTBBIIDIE DBGIID OF IKTBBACTIOK 

COIISIDEB LOCATIIIG O!JTFALL FURTIIEII AlfAY FROM IIUJ[ 08 SIIOJIB. 
IN TBE IIEXT PIIEDICTIOII MODULE, TBB PLUME CDTDLIKE WILL BE SBT 

TO FOLLOlf TU JWnt/SBOU:. 

------------------ -----------BEGIK 110D142: lllJOYAllT TEIIMIIIAL LAYEB SPREADIIIG 

PLUME IS ATTACBED TO RIGBT BA!ll:/SBOBE. 
PLIJME lfIDTB IS NOlf DETERMIKED FROM RIGBT IIAIU/SBOU:. 

SIIIULATIOK LIMIT BASED ON MAXIMUM SPECIFIED DISTAKCB = 
TBIS IS TBE BEGION OF IKTEREST LIMITATION . 

1600.00■. 

PIIOPILE DEFINITIONS: 
BV = top-hat thickness,-asured vertically 
as= top-hat balf-vidth, neasured horizontally in Y-direction 
C = •••raga (bulkl concentration 
S = correspondin9 average (bulkl dilution 
zu = upper plume bound&ry IZ-coordinatel 
ZL = lover plume boundary <Z-coordinatel 

PIIEDICTION: STAGE 2: BA!llt ATTACBED 
X Y Z S e BV BB zu ZL 

\ !i(,iii4(41%JI u; M 9-'l ; /,11 ;:.:q @n •• ; ,J,}i,J\lifo{JA,,.,;;;;;:m;:42;¡ ,MA M::.U4 gq4. ,3$&($$4 ¾& 4.,414.\_4¡;;:q ,AJ a¡µ ;.p¡¡¡¡ .@\fijl2%1JJ.J;;;, *!i;iW/i U,., l4-A ¼ ½3,,. HIP !Pt,,%$1\liJ$l&iiij/\ µ¡ , «Mm+rii, ZCA.U,~&itiM;J#ll9-ll,.JJ'!'ll!ILµ.s;lt;l.,,,@J'.,IA;i,.4p,a ·~' Mf\PU!f4+Ri:, ijiq#} 
++M.,.Jl\!.w: ; O&. eum;;;q;;;A ;:.u,.¡¡ ;.rn :;n; M\Pjl! 
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TllLE B-3 (Continuad) 

•• JIEGULATORY MIXIHG ZOIIE IIOUNDARY •• 
IN TRIS PREOICTION INTDVAL THE PLUHE WIDTH MEETS OR EXCEEDS 

TBE REGULATORY VALUE = 120.00 ■ 
TRIS IS TBE EXTEIIT O, TIIE UIGULATORY MIXIHG zon:. 

62.46 -46.00 2.42 13.2 .26SE+03 .74 111.31 
l.39.33 -46.00 2.42 13.S .260E+03 .70 195.85 
21.6.21 -46.00 2.42 13.7 .255E+03 .n 209.61. 
293.09 -46.00 2.42 13.9 .25l.E+03 .64 222.74 
369.96 -46.00 2.C2 U.l .ZUE+03 .61 235.30 
446.14 -46.00 2.42 U.3 .245E+03 .59 247.38 
523.72 -46.00 2.42 U.5 .242E+03 .57 259.04 
600.60 -46.00 2.42 U.6 .240E+03 .55 270.31 
677.47 -46.00 2.42 u.a .237E+03 .54 211.24 
754.35 -46.00 2.42 U.9 .235E+03 .52 291.16 
831..23 -46.00 2.42 15.0 .ZllE+03 .51 302.20 
908.U -46.00 2.42 15.1 .231E+03 .49 312.28 
914.98 -46.00 2.42 15.3 .229E+03 .48 322.12 

1061.16 -46.00 2.42 15.4 .228E+03 .47 331.75 
1138.74 -46.00 2.42 15.5 .226E+03 .46 341.16 
1215.61 -46.00 2.42 15.6 .22SE+03 .45 350.39 
1292.49 -46.00 2.42 15.7 .223E+03 .45 359.43. 
1369.37 -46.00 2.42 15.8 .222E+03 .44 361.31 
1446.25 -46.00 2.42 15.9 .220E+03 .43 377.03 
1523.12 -46.00 2.42 u.o .219E+03 -~2 315.61 

2.79 
2.77 
2.75 
2.74 
2.72 
2.71 
2.70 
2.69 
2.69 
2.61 
2.67 
2.67 
2.66 
2.65 
2.65 
2.65 
2.64 
2.64 
2.63 
2.63 

SDIULATION LIMIT AS SPIX:IFIED DS IEEN REACIIED: PREDiaION 'rEIIHIIIA'rES 
AT TBIS STAGE. 

1600.00 -46.00 2.C2 16.1 .2llE+03 .u 394.04 2.63 

END O!' MOD142: IUOYAlff 'l'EIIJIINAL LAYER SPREADIHG 

----------
End of OUtput 

• 

2.05 
2.07 
2.09 
2.10 
2.U 
2.12 
2.13 
2.14 
2.15 
2.16 
2.17 
2.17 
2..l.8 
2.11 
2.19 
2.19 
2.20 
2.20 
2.20 
2.21 

2.21 
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ancl also the regulatory mixing zone (RMZ) limitation. Obvioualy, 
other a:mbient conditions and discharge variations should be 
considerad in additional silllulations before a design such as this 
ahould be d•-ed fully satisfactory. 

a.4 Graphical pisplays of Petailed Pluma Predictions 
As for most engineering studies it is desirable to produce 

graphical displays for visualization of the predicted resulta. 
Tbe·data contained in the Fortran output file (Table B-3l form 
the basis for such plots. Unfortunately, it is often difficult 
to display all plume features in one single plot because the 
pluae may contain a lot of near-field details while extending 
over large distances into the far-field. A sbort examination of 
Table B-3 proves that point: The plume gets quickly trapped 
witbin a very lilllited near-field but with considerable mixing 
(see KOD114 of the CORMIXl prediction). Yet after that the plume 
extends over large distances into the far-field forming a wide 
tbin layar witbin the stratified reservoir (see KOD142). 

Two plots have been prepared to display the detailed near­
field mixing (Figure B-3l and the larger scale far-field 
spreading (Figure B-4l of the effluent plume. Figure B-3 shows 

FIGURE B-3 
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y(m) (•) Plan VI- (Undlalorted ~••> 
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the initial trajectory of the slightly upward curved jet (MOD114) 
that gets trapped atan elevation of 2.34 • above the local 
bottam. In 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; CORMIXl 
predicts only a few parameters such as the upstraam 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 p_lot <Figure 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 
flov. Again, a discontinuity occurs in the transition from the 
control volume (MOD137) describing upstreaa spreading to the 
continuous prediction for ambient buoyant spreading (MOD142). 
The cause for this discontinuity is the silllultaneous interaction 
of tbe plume with the channel boundary that occurs within MOD137. 
CORMIXl 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 th-. only the 
locations where the CMC and CCC valu- are aet have been 
indicated. 

• • • 
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COJUa:n UD 2 cu• aTlll)Y: 8UBJCDQBD 8DIGt.B POltT 
PXICQRGI PP IJULTIPQJl'f PXUPIA XXI IQLLQ1f ll'fll 

The design modification of an existing (hypothetical 
situation) discharge froa a plant into a sllallow river is 
considered in this case study. This affords an opportunity to 
d-onstrate the joint use of CO:RMIX 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 iaproved 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 r/s). The river is about 200 to 
300 ft 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 streamflov record& (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 flov summer conditions have shown occasional 
coloration problems in the discharge plume that se- to be re­
lated to inadequate mixing characteristics of the present sub­
merged single port discharge. For that reason the plant operator 
is considering an improv-ent of the discharge structure. 

C.2 Existing Single Port Discharge: Oye Field Study and CORMIXl 
comparison; 
An initial field study was conducted in order (a) to measure 

the geometric and hydraulic characteristics of the discharge 
reach with special -phasis on the first 1000 ft downstreua, and 
(b) to determine plume concentrations by means of a dye injection 
into the plant effluent. 

Figure c-1 shows the plan geometry of the discharge reach. 
River cross-sections were determinad by depth measur-ents at 
several stations as indicated. For example, Piqure c-2 gives the 
cross-section at the discharge location. All cross-sections ex­
hibit quite soae non-uniformity as is typical for a gently aeand­
ering alluvial (gravel) river. The indicated water level 
corresponda to the river discharge of 840 cfs (• 23.7 r/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 ahout 95 ft froa the right bank, and is pointing in the 
downatreaa direction. 

To obtain a detailed description of the flow field in th• 
river reach, discharge -•sur-nts were conducted at several 
:aore downstrellll stationa (:ZOO, 400, 750, and 1000 ft, respec­
tively). Figure c-1 includes the cuaulative discharge isolinu, 
exprused in I of the total discharge as measured froa the rigbt 
bank, for the reach. '!'bese lines provide a useful indication of 
the :aean flow pattern in such a winding river for subsequent 
interpretation of observad plume featur .. (see also comments on 
ClDIUlative discharge method in Subsection zyc<2)c). 

A dye test vas carried out by continuously discharging a 
fluorucein dye solution into the plant effluent. The dye con­
centration exiting the discharge pipe was 560 ppb. Dye concen­
trationa were measured at the transects indicated in Figure c-1, 
and have been plotted in Figure c-3 as a function of distance 
froa tbe right bank. 'l'be observad concentration profilu show 
decreasing peak (llllld.mua) values with increasing downstreu,. 
distances. Observations indicated a vertically mixed plwae at 

FIGURE C-3 
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all locations. In the display of Figure c-J the plúllle centerline 
position is clearly shifting relativa to the right bank, and the 
pluae vidth occasionally appears to contract in vidth. 

.l.n initial CORM:t:Xl evaluation was carried out to ascertain 
its applicability in this somewhat irregular flow environment. 
For this purpose, the cross-section was schaatized as a rectan­
gu1ar cross-section putting emphasis on the depth conditions 
around the discharge location. Information from the cumulative 
discbarge data vas used. Note that the cumulative discharge data 
shows the discharqe 10cated at the §Q l isoiine, Altbough it 
appears qeoqraphica11y closer to the riqht bank. the discharqe is 
hydragl.ically closer to tbe left bank. 'l'his is reflected in the 
scheaatization: Within the assumed 165 ft (= 50 m) wide by 2 ft 
(= 0.6 •> deep rectangular channel, the discharge is located 20 • 
frcm 1:lle left bank. The roughness of the slightly winding, but 
othervise clean natural channel has been specified by a Kanning•s 
n val- of O.OJ. 

Table c-1 su:m:marizes the data preparad for the CORMIXl 
sessian, wbile Table c-2 represents the session record. The 
detailed plume prediction is given in Table C-3. CORM:t:Xl pre­
dicts that the plume gets rapidly mixed over the shallow depth, 
and is primarily influenced by far-field :aixing processes, a 
feature that is quite consistent with observations. The dye 
concentration distribution predicted by CORMIXl in the schematic 
rectangular channel are plotted in Figure c-4 and show a much 
more regular mixing pattern than the earlier Figure C-3. How­
ever, aatters can be readily reconciled vhen both field data and 
CORHIXl predictions are interpreted as a function of CUlllUlative 
discbarge. This has been done in Piqure C-5 where both distri­
butioas are directly superimposed on the CU11Ulative discbarge 
pattm:n. The agreement is excellent. This entire procedure 
points out the need for high-quality field data it detailed 
interpretations and predictions of discharge plumes are desired. 

C.J Proposed Multiport Diffuser Discharge Under 7Q10 Flow 
conditions: coRMrx2 Predictions 

The following strategy is pursued in order to improve the 
n-r-field mixing characteristics of the existing discharge: (a) 
utilization of a multiport diffuser to increase the initial en­
trainaent of ambient water into the 111Ultiple effluent jets, and 
(b} sllifting of the discharge location taward the right bank to 
delay the contact with the left shoreline that with the present 
installation, seems to occur a~ a downstrelllll distance of 1000 ft. 

'lbe design study is carried out Yor the low flow ambient 
condition given by the 7Q10 discharge (285 cfs = 8.1 r/s) as is 
typical for water quality studies on riverine sites. Assuming 
channel roughness is unchanged, the Manning equation presented in 
SUbsection IVC{l)a suggests a water depth of approximately O.J • 
occurs during the 7Q10 design flow condition. 
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TABLE c-1 DATA SHEET FOR SUBMERGED SINGLE.POR'!' 
PISCHARGE IN SHALLOW RIYER, 

CORMIX1 - Submerged single port discharges - CORMIX1 

SITE/CASE IDENTIAER: Prepared by: 
Site Name ..:S:.:.H::.A:.:L.:.LO::.:W.:..-..:.;R~I.:..VE::.:R.:._ _____ _ 
Discharger 8-PLANT - GHJ 
Pollutant TRA CER Date prepared: 
Design Case OYE-TEST 10/18791 
DOS ALE NAME DYEl 

AMBIENT DATA: 
Bounded or unbóunded? BOUNDED 
Channel width SO.O m 
Channel depth ~ m 
Depth at discharge ~ m 
Ambient flowrate ~ m"/s or: Ambient veloclty m/s 
Manning's n o.in- or: Darcy-Weisbach f == 
Density dala: Density units: kg/m" 
Fresh or satt water? FRESH Temperatura units: "C 
Density or temp. values? TTMP 
lf uniform: --- lf stratified: 
Average denslty/temp. ~ Density/temp. at surfac&;:::_ 

Density/temp.atbottom---
Stratification type ---

DISCHARGE DATA: 
Nearest bank (left/rightl? ..kfil_ 
Distance to nearest bank 20.0 m 
Vertical angla (THETAI --0-- • 
Horizontal angle (SIGMA) ---¡¡- • 

(Pycnocline height ~ mi 
(Densityttemp. Jump --- 1 

Port height Tir' m 
Port diameter ~ m or: Port area m" 
Discharge flow rate ~ m2/s or: Discharge velocity ---mis 
Discharge denslty -=::- kg/m2 or: Oischarge temp. 22. O "C 
Concentration units P PB 
Oischarge concentration no-

MIXING ZONE DATA: 
Is effluent toxicl NO lf yes: CMC wlue 

--- CCC value ---
Is there a WQ standard for ---

conventional poRutant7 NO lf yes: value of standard ---
Any mixing zone specified7 NO lf yes: distance ===:= m 

or width 1% or mi ---
or area 1% or m•1-:::--

Region of interest 1000 m ---
Grid interval$ for display ~ 

Date of data input into CORMIX1: 10/18/91 

,,m !J)IIQ,19} ;;:;:s;; 144 M _t )A\ ¡ap:;pq;;: ijJ#WC.AS$UO$%$S;;;H1;ttwJAWM4JlwiW%..).J.4, l((J..,-d. $ ,. ;; R, J . .(.J4'4&)?t#{W,,t¼.l(f4@A..44,.MRPiMLL 44 ,$ t;U< ,4$)(4 l 44,,+Jl:W:.t?Ph • P9 .J $4.\.M.!..L g.,. KU14 ;, );t tA,t_ +;,,;pc::pt l J, %, 41., Ji!\fiSl!,Pii4'/6MMh\Mh,Cf4,k64iiMJ i#,4P,I MJAl w¡.,s¡:¡¡;;:;" ¡;¡¡ ; :; 0 ¡ t.?• 
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TABLE c-2 CQRMIX1 SESSIQN RECORD POR SHALL'. w BXYEB 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXUXXlfYXXXXXUXXXXXXXXXXXXXXX 
CORNELL HIXIllG ZONE EXPERT SYS'l'EM 

CORHIXl: Sabmerged Single Port Diachargea CU Veraion 1.30 (Auguat 1991) 
Start of •••■ion: 10-18-1991 17:23:40 .............................................................................. 
SITE/CASE DESCRIPTION Sl!MMARY: 

Site n-- • SIIALLOII-RIVER 
Effluent discharger • B-PLAHT 
Pollutant • TRACER 
DESIGN CASE • OYE-TEST 
FILE HAIIE • DYEl .............................................................................. 

SDMMARY 0P AMBIENT COHDITIONS: 
The ambieat water body is bounded. 

Channel width W 
Average water depth BA 
Depth at discharge BD 
Ambient velocity 0A 
Ambient flowrate QA 
Haru:Ling's n B 

The ambient is unstratified. 

.so.o. 
0.60 a 
0.60 • 
0.790000 a/s 
23.7 •4

3/■ 
0.03 

Ambient density RBOA • 998.387207 ltg/m4 3 .............................................................................. 
SDMMARY 01!' DISCBARGE CONDITIONS: 
Distance to nearest bank DISTB • 20.0 • 
Nearest bank/shore • left 
Port height B0 • 0.15 a 
Vertical angle TBE'1'A • O de<J 
Horizontal. angle SIGMA • O deg 
Port cü.aaeter DO • 0.2 • 
Portar- AO • 0.031415 a 4 2 
Diacharge flowrate QO • 0.092 a4

3/■ 
Discharge velocity UO • 2.928537 a/■ 
Discharge den■ity RBOO • 997.958801 ltg/■4

3 
Effluent concentration CO • 560 
Concentration unit■ • PPB .............................................................................. 
SDMMARY OF HIXING ZONE PARAHETERS: 
The effluent is not toxica■ defined by USEPA standards. 
No ambient water quality standard has been specified. 
No Regulatory Hixing Zone (RMZ) has been ■pecified. 
Region Of Intereat (ROI) is specified by dovnstream distance. 

XIN'l' • 1000 m from di■charge point 
Nwaber of intervals for prediction display• 20 .............................................................................. 
.............................................................................. 
Program Element PARAN: Design ~se: DD-'l'BST 

Relative denaity differences betveen discharge and aabient: 
The effluent density (997.958801 kg/■4 3) is lesa than the surrounding 

ambient water density at the discharge level (998.387207 ltg/a4 3). 
Tberefore, the effluent i■ positively buoyant and vill tend to rise tovards 

the surface. 

Flow ball parameter■: 
Diacharge volume flux 
Di■charge momentua flux 
Discharge buoyancy flux 

Q0 
NO 
.JO 

0.092 • 4 3/s 
0.269425 a44/■4

2. 
0.000387 a44/■4 3 • 

• 

TABLE c-2 

Fl- length scales: 
Discharge length scale 
Jat crossflow length ■cale 
Pluac to crossflow length scale 
Jet to plume transition length acale 

Non-dimensional paraaeters: 

• 
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(Continued) 

LQ 
Lm 
Lb 
LM 

0.177243 m 
0.657040 m 
0.000785 m 
19.006311 m 

Densimetric Fraude number FRO • 100.948029 
Jet/Cro•sflow Velocity Ratio R • 3.707009 

• 

............................................................................... 

.............................................................................. 
Program Element CLASS: Design Caae: OYE-TEST 

The near field flow configuration wiil have the following features: 

The discharge near-field behavior is dominated by either the positive 
baoyancy of the discharge or the upward vertical orientation of the 
discharge port. 

There i• the possibility of dynamic bottom attachment. 

The discharge fl- vill experience instabilities with full vertical mixing 
in the near-field . 
There may be benthic impact of high pollutant concentrations. 

The folloving conclusion on the flow configuration applies to a layer 
corresponding to the full water depth at the discharge site: +-------------------------------+ Plow class B5-0 

Applic:able layer depth BS • 0.60 m +-----------------------------+ .............................................................................. 
.............................................................................. 
Program Blement StJM: Design case: OYE-TEST 

-----------------------------------------X-Y-1 Coordinate system: 
0ri.gin is located at the bottom below the port center: 

20.0 m from the left bank/shore. 

------------ -------------BYDRODYNAMIC Ml:XING IONB (BMZ) CONDITIONS : 
Note: The BMZ is the zone of strong initial mixing. It has no legal 

ÍJllllication. Bowever, this information may be uaeful for the discharge 
designar because the mixing in the BMZ is usually sensitiva to the 
discharge design conditions. 
Pollutant concentration at edge of BMZ 
Dilution at edge of IIMZ 
11111 Location: 
(ceDterline coorclinates) 

11111 pluma dimensiona: 

X 
y 
z 

half-width 
thickness 

329.4117 
1.7 

.60 m 

.oo. 

.60 m 

.16. 

.60 m 

PPB 

------------------------------- ---------PAR-FIBLJ> Ml:X:XJIG StJMKARY: 
Plume bec0111es fully vertically m.ixed at .6 • downstream. 

**********************•• TOXIC DILUTION ZOHE SUMMARY ••••••••••••••••••••••••• 
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TABLE c-2 (Continued) 

No TDZ was specified for this silllulation. 

•••••••••••••••••••••• REGULATORY MIXING ZONE StJMKARY •••••••••••••••••••••••• 
No RMZ ami no ambient water quality standard have been specified. 

.............................................................................. 
DESIGN CASE: DYE-TEST FILE HAME: DYEl 
Bnd of sesaion: 10-18-1991 17:31:49 

CORMIXl: Submerged Single Port Discharges CD Version 1.30 (Auguat 1991)· 
JCUYXXXXXXXXXXUXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

FIGURE C-4 

Downstrsam 
•••. , DI~ (11) 

! • 
, .. -- ...... 11 

-j 750 
E 
!P 
IC 

,, ........ _.._ 1 
500 

~1:~ , ...... 
l"\ 

.!/"\ 

400 

300 

200 .. 
/!\\ 

100 
~From 50 
Rlght Bank (11) ---1----.J o :o 

!o 

Cumulallve 150 100 50 
Dlscharge (") 100 80 80 -40 20 

DYE CONCENTRATIONS PREDICTED BY CORKIX1 
PLOTTED AS A FONCTION OF DISTANCE FROK 

RIGHT MU IN SCHEMATIZED CHANNEL 

• • • 

-C9-

TABLE c-3 0tlTPUT FILE FOR DETAILED CORMIX1 PREDICTION 
FQR SHALLOW BXYER 

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 

CORNBLL MIXIHG ZOICE BXPEllT SYS'l'EM 
C_?RMIXl: Submerged Single Port Dischargea CD Version 1.30 (August 1991) 

----------------
CASE DBSCRIPTIOH 

SITE HAME: 
DISCBARGBR HAME: 
POLLDTANT HAME: 

SBALLOW-RIVER 
B-PLANT 
TRACER 

DESIGH CASE: DYE-TEST 
DOS FILE NAM1!: DYE l • CXO 
DATE AHD TIME OF FORTRAN SIMULATION: 10-18-1991_17:30:57 

BHVIRONHBHT PARAMETBRS (METRIC 
BODHDBD SECTIOH 
BS • 50.00 AS 
HA • .60 BD 
DA • . 790 l!' 

DHIFORM DBHSITY ENVIROHMENT 
RB0A • 998.39_ • 

UNITSJ 

30.00 
.60 
.084 

DISCJlARGB PARAMETERS (MBTRIC UNITS) 
BAll1t - LEl'T DISTB • 20.00 

QA 

DO. .200 AO • .031 eo 
TIIBTA 
DO 
RBOO 
co 

.00 SIGMA • .00 
2.929 QO • .092 

997.96 DRBOO • .43 
.56008+03 UNITS • PPB· 

~Dlt VARIABLES 
QO • .92008-01 MO 
ASSOCIATED LBNGTB SCALES 
LQ • .18 LM 

NOH-DIMBHSIONAL PARAKBTERS 
!!'RO • 100.95 R 

l!'LOII CLASSil!'ICATION 

• .26948+00 
(METERS) 

19.01 

3. 71 

(QO 
GPO 

JO 

LID 
Lmp 

23. 70 

. 15 

• .9200E-Ol) 
• .4208E-02 

• .3871E-03 

.66 
99999.90 

SIGBJO • 1.0 

Lb . • .00 
Lbp • 99999.90 

..................................................................... 
* 
* 

FLOW CLASS 
APPLICABLB LAYER DEPTB es 

es-o 
.60 * ..................................................................... 

MIXIHG 
co 
HSTD 
LEGMZ 
XLEG 
xnrr 
XMAX 
NSTEP 

ZONE / TOXIC 
.5600E+03 
o 
o 

.00 
1000.00 
1000.00 

• 20 

DILDTION / REGION 01!' 
Ctl!IITS • PPB 
CSTD • .1000E+07 
LBGSPC • O 
WLEG. • .00 

X-Y-Z COORDIHATB SYSTEM: 

INTEIIEST PARAHETEBS 

LBGVAL 
ALBG 

99999.90 

·ºº 

ORIGIN i• located at the bottom and below the center of the port: 

lfillllJINU .. 4-,"" '~Ul'I~;µ;;;¡.,;, .4.;¡¿.;4441 f'f'fA/¡#il!, ¡ 4#@ .. GJ/4,#TffitP.U;meza;f;¡;¡:,;i.tt..JAi:;:?J! i!NPl.~ .. !i!\4 diP. h,A« ffo«M).4) IP .H,il\11~.• .. ~:r,,:~l!(,JJ,¼, ,RJi'IM\L-i!fi:Bíi11(ijl/i,,W.S:f.!iill!l?i.ii:%MA,M*41f•/-1@~6} A¼:(W&,,@,,Z, H ¡ ►.@I ;115,iA JAQ "$G<4J~i/fv..C!fJl,FA\AAAIPA?-i\, .A< 
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(Continued) 

20.00 m froa the LEFT bank/ ■hore. 
X-axi.a point■ down■tr•-• Y-axi■ point■ to left, Z-axi■ pointa upvard. 

--------------- -------------------------BEGIM K>DlOl: DISCBARGE MODULE 

COAIIDA A'l"l'ACBMBHT IMM!DIATBLY FOLLOWING TBB DISCIIARGB. 

PROFXLB DEFINITIONS: 
B • Gaua■ian 1/e (371) half-idth, normal to trajectory 
C - centerline concentration 
S • eorresponding eenterline dilution 

PREI>ICTION 
X 

·ºº 
y 

·ºº 
z 
.00 

s e 
1.0 .560E+03 

BJm OF MODlOl: DISCBARGB NODOLB 

B 
.u 

BBGDI MOD112: WBAJCLY DBPLBCTBD WALL JET IN CROSSLOII 

CO-P'LOWIBG OR COOHTBR-FLOIIDIG WALL JET 

TBIS PLOW REGION IS INSIGHIPICAHT IN SPATIAL EXTBll'l' AIID WILL BE BY-PASSBD. 

END OP MOD112: WEAJa.Y DU'Ll!CTED WALL JET IB CROSSLOlf 

BBGIJI M0D117: STROHGLY DEFLECTED WALL JB'l' IB CR0SSPLOlf 

SPECIAL CO-FLOWING CASE: TBIS FL0W RBGION DOES HOr OCCUR. 

END 0P 110D117: STROIIGLY D!PLECTED WALL JET IN CROSSl"LOW 

B'EGDI M0D133: LAYD BOUNDARY IMPINGEMEHT/FULL VERTICAL MIXING 

Cml'l'ROL VOLUMI! 
PROPXLB D'EFINITIONS: 

BV • layar depth (vertieally aixed) 
BB • top-hat balf-width, in horizontal plan■ normal to trajeetory 
C • average (bulk) eoneentration 
S • ==••ponding averaqe (bulk) dilution 

PRED:IC'fION 
X y z s e B 

COllTROL VOLUMI! IllFL0W 
.oo .00 ·ºº 1.0 .560E+Oj .14 
X y z s e BV BB zu 

COlft'ROL VOLUMI! OUTFLOW 
.60 .oo .60 1.7 .329'!+03 .60 .16 .60 

END O!' MOD133: LAYD BOUIIIIARY IMPINGBMENT/FULL V'Ell'l'ICAL MIXING 

*** EIID OF BYDRODYNAMIC MIXING ZONE (BMZ) *** 

ZL 

.oo 

• • 

TABLE c-3 
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(Continued) 

BEGIN MOD14l: BUOYANT AMBIEHT SPRBADING 

DISCIIARGE IS NON-BUOYANT OR WBALY BUOYANT. 
TIIEREFORE BUOYANT SPREADING REGIMB IS ABSEHT. 

END OF M0D14l: BUOYANT AMBIENT SPRBADING 

• 

-------------------------------------------------------------· --------------------------------------------------------------------BEGIN MOD16l: PASSIVB AMBIEHT MIXING IN UNIFORM AMBIEHT 

VERTICAL DIFFUSIVITY OF AMBIENT FLOW: EDIFPV • .009697 m••2/s 
HORIZONTAL DIFFUSIVITY OF AMBIENT FLOW: EDIFFB • .024242 m••2/s 

TBB PASSIVE DIFFUSION PLOME IS VERTICALLY FULLY MIXED AT BEGlllHING OF RBGION. 

SIMULATION LIMIT BASED 0N MAXIMUM SPECIFIED DISTANCE • 
TBIS IS TIIE REGION OF INTEREST LIMITATION. 

PROFILE DEFINITIONS: 
BV • Gausaian ■ .d. (461) thieknesa, measured vertieally 

• or equal to layer depth, if fully mi.xed 

1000.oom. 

BB • Gau■sian s.d. (461) half-width, measured horizontally in Y-direetion 
C • eenterline eoneentration 
S • eorresponding eenterline dilution 
ZU • upper plum• boundary (Z-eoordinate) 
ZL • lower plum■ boundary (Z-eoordinate) 

PREDICTION: STAGE l: NOT BAN1t ATTACBED 
X y z s e 
.60 .oo .60 1.7 .329E+03 

50.57 .oo .60 22.7 .247'!+02 
100.54 .oo .60 32.0 .1751!+02 
150.51 .oo .60 39.2 .1431!+02 
200.48 .oo ,60 45.3 .124'!+02 
250.45 .oo .60 50.6 .lllB+02 
300.42 .oo .60 55.4 .101'!+02 
350.39 .oo .60 59.9 .9351!+01 
400.36 .oo .60 64.0 .8751!+01 
450.33 .oo .60 67.9 .825E+Ol 
500.30 .oo .60 71.5 .7B3'!+01 
550.27 .oo .60 75.0 .746'!+01 
600.24 .oo .60 78.4 .715'!+01 
650.21 .oo .60 81.6 .6B7'!+01 
700.18 .00 .60 84.6 .6621!+01 
750.15 .oo .60 87.6 .639E+Ol 
800.12 .oo .60 90.5 .619'!+01 
850.09 .oo .60 93.3 .6001!+01 
900.06 ·ºº .60 96.0 .584'!+01 
950.03 ·ºº .60 98.6 .568E+Ol 

BV BB zu 
.60 .16 .60 
.60 2.20 .60 
.60 3.11 .60 
.60 3.81 .60 
.60 4.39 .60 
.60 4.91 .60 
,60 5.38 .60 
.60 5.81 .60 
.60 6.21 .60 
.60 6.59 .60 
.60 6.9-4 .60 
.60 7.28 .60 
.60 7.60 .60 
.60 7.92 .60 
.60 8.21 .60 
.60 a.so .60 
.60 8.78 .60 

·'º 9.05 .60 
.60 9.31 .60 
.60 9.57 .60 

SIKULATION LIMITAS SPECIFIED BAS B'E'EN REACB'ED; PREDICTIOlt ~ 
AT TBIS ST.AGB. 

1000.00 ·ºº .60 101.2 .554'!+01 .60 9.82 .60 

'E1ID OF MOD161: PASSIVE AMBIENT MIXING IN tJIII1"0RJI AHBIDT 

----------------------------------- -----------------------End of OUtput 

ZL 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 

.oo 

--------

CORMIXl: Submerged Single Port Discharge■ CU Version 1.30 (Augu■t 1991) 
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COMPAIUSON OF OYE FIELD DATA AJID CORMIXl PREDICTIONS 
~ wrTHJN CtJIJULATXVE DISCIIARGE PATTERH 

State water quality regulations call for a demonstration of 
plllllle concentrations at the edge of a aixing zone that is limited 
to one fourth (1/4) of the river width. Assllllling an average 
river width of 250 ft, this corresponds to a width limitation of 
·2so¡4 = 62 ft (= 19 111). (Note: Por the scbematic channel width 
of so III this represents a 19/50 • 38 t width limitation as used 
in CORMIX2 . ) 

Obviously, a nUlllber of design solutions, with different 
diffuser configurations and locations, need to be investigated. 
One of several feasible solutions is presented in the following: 
A 15 111 (= 49 ft) long diffuser consisting of 7 nozzles is 
installed in a perpendicular, coflowing arrangement and is 
centered at the 40 t cuaulative discharge position. (Note: In 
the actual coordinate position, this corresponds to a distance of 
about 70 ft from the right banlt; see Figure C-1.) The nozzle 
diameter is 2.5 in(• 0.0635 ■). 

• • • 
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The CORMIX2 simulation is ■Ullllllarized in TablE C-4 (data 

sheet), Table c-s (session record), and Table e-§ (detailed 
output file). Inspection of the session record and detailed 
resulta shows that the pluma becomes rapidly 111ixed over the very 
sballow water depth. Furt.hermore, a high initial dilution of 
29.8 is attained in a short region (labelled the "acceleration 
zone•, MOD271) follow1ng the high velocity multiport discharge. 
figure c-6 displays the predicted plllllle concentrations (expressed 
in t of the initial concentration) within the river geometry, 
using the ClllllUlative discharge coordinates. After the rapid 
initial mixing in the near-field the plllllle is growing only very 
slowly in the far-field (MOD261). At the 1000 ft transect, the 
plllllle stays clear of the left bank. 

FIGURE c-6 
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TABLE C-4 DATA SHEET FOR SUBMERGED MOLTIPORT DIFFUSER 
PISCHARGE IN SHALLQW RIVER 

CORMIX2 - Submerged multlport diffuser cfischarges - CORMIX2 

SITE/CASE IDENTIFIER: 
Site Name 
Discharger 
Pollutant 

SHAt) nw - BXYEB 
8-PLANT 
mmc 

Design case 
DOSRLENAME 

L0W -FL0W - 7~10 
lrfffl 

AMBIENT DATA: 
Bounded or unbounded? 
Channelwidth 
Channel clepth 
Depth at discharge 
Ambient flowrate 
Manning'sn 

Densitydata: 
Fresh or salt water? 
Oensity or temp. values? 
lf unifprm; 
Average density/temp. 

DISCHARGE DATA: 

B0UN0ED 
-;o.o-m 
~m 
~ m 
---il":'r- m• /s 
0.03 

FRESH 
TEHP 

.1.Q...L. 

Nearest bank lleft/right)? R I GHT 
Diffuser length rs:o- m 

Prepared by: 

GHJ 
Date prepared: 

or: Ambient velocity 
or: Darcy-Weisbach f 

Density units: 
Temperature units: 

tf stratified• 

10/18/91 

...::.:..::_ mis 

kgtm• 
-e 

Density /temp. at surface - - -
Denslty/temp. at bottom ---
Stratification type ---
(Pycnocline height -:::- m) 
(Density/ternp. jump -:::- 1 

Distance to one endpoint 12 .5 m 
to other endpt . ....z.z..s_ m 

Total number of openings ¡---
Port diameter O. 0635 m with contraction ratio ....1,___ 
Diffuser arrangernent/type !.!r!lD.l.B.E.CTI ONAL 

Alignment angle (GAMM&_90___ • Horizontal angle (SIGMA_) _O __ • 
Venical angle ITHETAI _--¡¡-___ • Rel. orientation (BETA) ...1Q__ • 

Port height -º..:.Q.L m 
Discharge flow rate -º.....Q2Z_ m•ts or: Discharge velocity ~ mis 
Discharge density -==._ kgtm• or: Discharge temp. ~ -C 
Concentration unlts ~ 
Dischar11_e concentration _J_QQ 

MIXING ZONE DATA: 
Is effluent toxic7 NO 

Is there a WQ standard far 
conventional pollutant? NO 

Any mixing zone specified?YES • 

Region of interest 1000 m 
Grid intervals for display ---ZO--

lf yes: Clll:C value 
CCC va1ue 

lf yes: value of standard ---
lf yes: distance ---m 

or widlh 1% or ml-rsr-
or area 1% or m2) === 

Date of data input into CORMIX2: 10/ 18 /91 

• • • 
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TABLE c-s CQRMIX2 SESSIQN RECORD POR SBALLQÍf BrvEB 

XXXXXXXXXXXXXXXXXXXUXYXXXXXXXXXXXXUIXXXll#iiiiiiilliilliliiiiiiiiilliilllli# 
CORIIBLL KIXING ZOIIII EDZ1l'1' SUTZII 

CORKIX2: s..-rgad Kultiport Diffu■era EPA Veraion 1.20 (o=ober 1991) 
Start of •••■ ion: 1-9-1992 16:52:29 

····························································-················ SITE/CASE DESCJlIPTION 
Site name 
Effluent diacharger 
Pollutant 
DESIGN CASE 
FILE 11AHE 

StJHKARY: 
• SIIJII.I.OW-RIVEll 
• B-PLAMT 
• GEJIERIC 
• LOW-FI.OW-7Q10 
• Diffll 

····························································-················ St!MKARY OF AMBIENT CONDITIONS: 
Th• ambient water body ia bounded. 

Channel width W - so. 
Average water depth HA - .3. 
Depth at diacharge HD 
Ambient velocity OA 

- .3. 
• 0.540000 .,. 

Ambient flowrata QA • 8.1 ■"3/a 
Kanning' ■ n N • .03 

Tha ambiant ia unatratified. 
Ambient danaity RBOA • 998.387207 q/■•3 .............................................................................. 

St!MKARY OF DISCBARGE 
The diffu■ar type ia 

Diffuaer length 

CONDITIONS: 
unidiractional 

LD 
perpendicular-

• 15 ■ 
right. Neare■t bank/ahora located on 

Diffu■-r endpointa YBl • 12.5 ■I XB2 
Total nWDDer of openinga 
Average ■pacing 
Actual diameter 

NtlMBER • 7 port■/-zzl­
SPAC • 2.500000 a 

• .0635 ■ 

• 27.5 ■ 

Effactive diametar DO • 0.063500 • (wit:h COlltraction) 
Port croa■-aectional araa 
Port height 
Total di■charge 
Diacharge velocity 

AO • 0.003167 ••2 
B0 • .09 ■ 
Q0 • .092 •·3/■ 
00 • 4.1499 a/a (vit:h -traction) 

unidirectional vithaut fanning. The port/nozzle arrang-nt ia 
Diffuaer align■ent angla 
Vertical di■charge angla 
Horizontal angle of diach&rge 
Relativa orientation angla 
Diacharge danaity 
Effluent concentration 
concentration unit■ 

GAKKA • 90 deg -
TBETA • O deg 
SIGMA • O deg 
BETA • 90 deg 
RBOO • 997.95 q/.-3 
co • 100 

•PERCEIIT .............................................................................. 
St!MKARY OF KIXING ZONE PARAKETERS 
The effluent ia not toxic •• definad by OSEPA ■tandarde. 
No ambient water quality atandard ha■ been apecified. 
Regulatory Hixin,; Zona (RKJ:) ia apecified by widtJl. 

Kixing zone extent • 19 <• if length or vidth or ••2 if araa). 
Region Of Intareat (ROI) ia ■pecified by downatra- diatance. 

XINT • 1000 m froa diacharqe point 
Number of intervala for prediction display• 20 ................................................................................ 
.............................................................................. 
Proqram El-nt PARAlh Daaign ca-, Ullr-FI.Olf-7Q10 
Relativa den■ity differencea bet-■ n diacharge ancl aabient: 

fi'&\WJ# ,J'11'11r!~~~-N'!JifVi"'4W1$iiUIX,lllf'I! ,,.4.f, 1Z\!$!4{H,ttl~ff&$\$Ji,&\tif.4k\F, ¡;¡ ,+:UM. M'f.1()4 ;µ; ¡ ..p J\\:,)ji&,¡¡Alj!lll¡llflli'.t!!,~""-~~.11'!1 ffll"i4i.S,,½Pi,lq;:? ¡¡:;¡¡;.:¡,¡m¡¡;o¡¡¡,;;¡:¡:,;, .? ;m i.,.,\W:v,.,o,+¡a¡;¡wr lf ,.,k~,,, .l\ll~lfl.~ u+ w•~~~•••:A4 4A .( ~l?®Jiii%""4ifd',®%,+';()fflllik,,U~U,;¡¡¿,4¡r,:~,\..,Jl,.I''!'~ 
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(Continued) 

Tbe effluent den■ity ( 997.95 Jcq/mA3) i• l••• th&n the ■urroundJ.aq 
ambient water den■ity at tha di■ch&rqe laval (998.387207 Jcq/mA3). 

Therafor•, tha •ffluant i■ po■itively buoyant and vill talld to ri■e toward■ 
the ■urface. 

Flow bulk paramatar■: 
(Bulk variable■ ara defined on a 2-D 

Ambient momentwn flwc 
Di■char9e volwne flwc 
Di■cbar9• momentwa flwc 
Thi■ flwc ha■ a nat componant in tha 
port■/nozzle■). 

Di■char9e buoyancy flwc 

Flow length ■cal••• 

ba■i■ , i.e. per unit diffu■-r length) 
- - 0.087480 mA3/■A2 
qO - 0.006133 mA2/• 
mO - 0.025451 mA3/■A2 

di■charge dir•ction (orientation of 

jO • 0.000026 mA3/■A3 

(Length ■cal•• ara defined on a 2-D ba■i■, 
Jet cro■■flow length ■cal• 

i.e. par unit diffu■-r length) 
1m • 0.087281 ■ 

Diachar9• length ■cal• 
Jet to plwne tran■ition length ■cal• 

lq • 0.001478 ■ 
1K • 28.854139 ■ 

Non-dimen■ional parameter■: 
Slct den■imetric Proude nwnber PRO • 1647.287476 
CORlllX2 u••• th• aquivalent two-dimen■ional ■lot diffu■-r concept 

to repre■ent the actual threa-dimen■ional diffu■er. Thue, C0JUUX2 
aiaplifi•• the datail• of tha merging proca■M■ of the actual diffu■er. 

Equivalent ■lot width BO • 0.001478 (■) 
Port/nozzle den■imetric Pr011de nwnber PIIDO • 251.315765 
Jat/Cro■■flow velocity ratio R • 7.684999 

···-·········································································· .............................................................................. 
Program 1:1-nt CI.ASS: De■ign ca.e: tow-n.ow-7Ql0 

The near field flow configuration will have the folloving faatur••• 

The di■char9e near-field behavior i■ dominated by either the po■itiva 
bucyancy of the di■char9a or th• upward vertical orientation of the 
di.■char9e port. 

The followin9 conclu■ion on the flov configuration applie■ to a layar 
corre■pondin9 to th• full water depth at the di■char9e ■ita: 

Flow cla■■ HU2 
Applicable layar depth BS • .3 a 

NOTE OK TBE APPLICASILITY OP CORIUX2: 
The ■pacin9 between adjacent nozzle■/port■/ri■er■ i■ ■omevlult gr.atar than 

ti.. di■char9e water depth. In fact, th• ■pacing falla into the ranga 
between three time■ to ten time■ the di■charge depth. 

It ia unlikely that ■ufficient lateral interaction of adjacent jeta will 
occur in the near-field. Bowaver, the individual jet■/pl-• -:r aerge 
aoon after in the intermedi•t-field or in tha far-field. 

CORKIX2 may have limitad applicability for thi■ di■charge ■ituation. 
Tbe re■ult■ -y be ■omewhat unraali■tic in the near-field (miniaa 
cll.lution -y be overpredicted), but appear to be applic■l:ll• for the 
iatermediat- and far-field proce••••• 

t'.-✓ 

• • 
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TABLE c-s (Continued) 

Thll u■er i• advi■ed to ~ with th• pr■Mnt CORKIX2 analy■i■, but 
■llould UN a •ub•equ•nt CORKIXl ( ■ ingle port di■charge) analy■i■, u■ing 
di■ch■rg• data for an illdividual diffu■•r jet/pluma, in ordar to compare 
to th• n~ field prediction. 

.............................................................................. 

.............................................................................. 
Pragram El-nt SUM: De■ign CaM: LOII-FI.Olf-7Ql0 

X-Y-Z COOrdinata ■y■tem: 
Ori9in i• located at the bott- and diffu■er mid-point: 

20 m f~ the ri9ht bank/■hora. 

BYDIIDDY!IAKIC IUXIlfC ZONE (IDlZ) CORDITIOKS: 
Rote: The IDlZ i■ the zona of ■trong initial mixin9. It ha■ no legal 

iaplication. Bowever, thi■ information may b• u■eful for the di■charge 
de■ignar becau•• the mixing in th• BKZ i• u■ually ■an■itive to th• 
di■charge de■ign condition■• 
l'Ollutant concentration at edge of BKZ • 
Dllution at edge of BKZ 
IIIIZ Location: 
(centarline coordinat••> 

BIIZ pluma dimen■ ion■: 

PAll-l'IEIJ> KIXING S'OKMAJlY: 

" -
y -
z -

balf-width • 
thickne■■ • 

3.353781 
29.8 

7.50 m 
0.00 .. 
0.30 m 
8.46 m 
0.30 m 

PERCEKT 

Phme bacome■ fully vertically aixed at 7.5 m down■tream. 

•••••••••••••••••••••••• lfOXIC DILUTION zen StnoCARY ••••••••••••••••••••••••• 
No !DZ wa■ ■pecified for thi■ ■imulation. 

•••••••••••••••••••••• RECULATORr MIXINC ZONZ SUMKARY •••••••••••••••••••••••• 
The pluma condition■ at tlle boundary of the ■pecified IIJCZ are•• follow■: 

l'Ollutant concentration • 2.988999 PERCEllT 
0Drre■pondin9 dilution • 33.4 
Plame location: x • 350. 74 m 

(centerline coordinatu) y• O.DO m 
z • 0.30 m 

Plame dimerulion■: half-width • 9.50 m 
thickne■■ • O.JO m 

••••••••••••••••• FINAL MJl:SSACZ OK APPLICABILITY or CORKIX2 •••••••••••••••••• 
The diffu■er di■char9• ■ituation canputed above i■ characterized by FAIJILY 

LARGE SPACING between adjacent ri■ar■/port■/nozzl••• in the ranga between 
tbree to ten water deptbs. 

It i■ unlilcely tbat ■ufficiant lateral interaction of adjacant jet■ will 
occur in the naar-field. Thi■ i• ■-■wh■t incon■i■tent with the •••umption 
of CORHIX2 of a laterally fully -r9ed diffÜ■er pluma. 

Thu■, CORHIX2 -y have limitad applicability for thi■ di■char9e ■ituation. 
TIia re■ult• -y be ■omavbat unraali■tic in the near-fiald (minimum 
dilution -■y be ovarpredicted), but ■hould be -11 applicable for the 
iatermediat- and far-fiald proc•••••• 

A ■ab■equent CORKIXl ( ■ ingle port di■char9e) analy■i• i• rec,_,.nded, u■ing 

'.~""*'" ""'""" WR(UAA.,)Ji,#i!M\4,#Qiidl$lili,i\01?11~11111J441••u1,,""7.Z ,;r, 'wmf,iAO, .JJ,\. .... ,M)\ .. _.1!$\ ,,6-G ~f,43!AlL)4 IMitt .. p Q2 ;;ox;z;;p;4¡,;,¡;¡:;J;tP} )ht()G /§iili\i,_i_O#,M , • .\AWEMt#&&fAP,i,½W4.IM,fF40 ;p¡;,,;,4,a;;;¡;¡;yaz;c;;, 
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TABLE c-s (Continuad) 

di•charge data for an individual jet/pluma, in order to compare to the 
allove near-field r••ult•• 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• DESIGN CASE• LOW-n.olf-7010 PII.B RAKZ• Diffll 
End of ••••ion: 1-9-1992 171 3, 9 

CORXIlt2a Sublllerged Kultiport Diffu•er• EPA Ver•ion 1.20 (October 1991) 
XXXXXXXX7XXXXTXXXXIXXX#XIIIXnrtXXXY11#11XIIIIIXSXXXXXIXIIXXtl71Xlllil#Xlll#XX 

• • • 
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TABLE C-6 OOTPUT FILE FOR DETAILED CORHIX2 PREDICTION 
FOR SHALLOW RIVER 

222222222222222222222222222222222222222222222222222222222222222222222222222222 

C0JIIIZLL KIXIMG ZOMZ ZXPZR'1' SYSTZK 
CORKIX2: Submerg•d Kultiport Diffu••r• EPA V•r•ion 1.20 (October 1991) 

CASE DESCRIPTION 
S ITJ: NAK1!! 1 

DISCBARGER NAKE1 
POLI.DTANT NAKE: 

SIIALLOW-RIVER 
B-PI.Alff 
GZMZRIC 

DESIGII' CASE, LOW-n.olf-7010 
DOS PILE MAME: DIPPll .cxo 
DATE AMI) TIME OP FORTRA!f SDltJLATIOK: 1- 9-1992_17: 0:33 

ENVIROIIKENT PARAMETERS (KETRIC 01'ITS) 
BOtnlDED SECTION 
BS • 50.00 AS 
HA • 0,30 BD 
UA • 0,540 P 

UNIFORK DENSiff ENVIRORKEMT 
RHOA • 998,39 

15.00 
0.30 
0.105 

0A 

DIPFIJSER DISCHARGE PARAKETERS (KETJlIC UNITS) 
DITtPE • unidirectional_peq,endicular 
BETtPE • unidirectional without fanning 
BANJ: • RIGBT DISTB • - 20.00 
LI) • 15. 00 IIOPEN • 7 
DO • 0.064 AD 
Gl\KKA • 90,00 TBETAO • 
SIGMA • 0,00 BETA • 
(ALPIIA • O.OO DELTA • 
uo • 4,150 00 • 
RHOO • 997.95 DRBOO • 
CO •0.1000E+03 01'ITS • 

0.003 
o.oo 

90.00 
O.DO) 
0.092 
0.44 

PDCEIIT 

YBl 
SPAC 
B0 

(00 
GPD 

FLUX VlUllABIJ!:S - PER U1'1T DIPFIJSER IJ!:MGTB 
qO •0.6133E-02 a0 -0.2545E-Ol jO 
ASSOCIATED 2-D IJ!:MGTB SCAIJ!:S (KETERS) 
lqaB • 0.001 1K • 28.85 llll 
lmp • 99999.90 lbp • 99999,90 la 

FLUX VJUlIABLES - EIITIRE DIPFIJSER 
Q0 •0.9200E-Ol KO -0.3818E+00 JO 
ASSOCIATED 3-D IJCNGTB SCALES (KETERS) 
Lq • 0.15 Ul • 24.44 LIII 

Llllp 

MON-DIKENSIONAL PARAKETERS 
FRO • 1647.29 PRD0 • 251.32 R 
( SLOT) ( POltT /IIOZ ZIJ!:) 

FLOW CLASSIPICATIOK 

8.10 

-12,50 
2.50 
0.09 

•0.9200E-Ol) 
-0.429411-02 

•0.2600E-04 

0.09 - 99999.90 

•0.3900E-03 

1.14 
99999.90 

7.68 

YB2 -

SIGMJO • 

Lb -Lbp -
..................................................................... 

PLOW CLASS KlJ2 

-27.50 

1. 

º·ºº 99999.90 

i@Ot?U, ,4,. µ;VQlib&i(i.;:;.a;u;:p:e,:a.;as,;u.¡puqv. *IUW! ,Jit .. .Zf$iM?JA :rn""41f:1;+;V@il::>i9JiJ,,.1%4#J,,YHL .,;:;:•4;;,i(ili,i\lib*4;44141MM_i,0)1\:¡¡K_;,[N(_Q p:g:;.;,;,¡y l3M4 .. ,~;;:a; _-i4(.ili.otP,!fflJJn~.fflfflij;,;¡p,¡;43,,,.....:¡;;;4. ,,MJ.g,+.,.4,#J\4, .,,..,4(!,~¾I ai,ill\l 
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ccontinued) 

* APPLICAIILI: LATD Dll:PTR BS • 0.30 • 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••··········· KIXIHG ZOIU: / TOXIC DILll'l'Ila / 1111:CION OF INTEJlll:ST PARAKlttll:ltS 
co •0.100011:+03· anrrrs • PEllCEIIT 
NSTD • O CSTD •O .10001:+07 
LECKZ • 1 LECSPC • 2 Ll:GVJIL • 19.00 
XLl:G • 0.00 WLEG • 19.00 ALEG • 0.00 
XIHT • 1000.00 
XHAX • 1000.00 
NSTEP • 20 

X-Y-Z COORDIHATE SYSTEM: 

• 

ORIGIN i■ located at the bottom and the diffu■er mid-point: 
-20.00 m from the RIGBT bank/■hore. 

x-axi■ point■ down■tream, Y-axi■ point■ to left, z-axi■ point■ upward. 

BECIN KOD20l: DISCBARGE KOl)ULE 

PROFILJ: DEFINITIONS: 
BV • Gau■■ian l/e (371) half-width, in vertical plana normal to trajectory 
BB • top-hat half-width, in horizontal plana normal to trajectory 
e• centarlin• concentration 
s • corr■■ponding centerline dilution 

PREDICTI0N 
.X 
o.oo 

y 
o.oo 

z 
o.o, 

s e 
1.0 0.10011:+03 

END OF HOD201: DISCBARGE MODULE 

BV 
o.oo 

11B 
7.50 

OF IJNIDIRECTIOKAL CO-l'LOWDIC DIFF11SER 

IN TRIS ZOHE TBE DIFFIJSER PLIJHE SECONES VERTICALLY P'ULLY HIXED 
OVER TBE ENTIRE LAYEll DEPTB (BS • 0.30m). 
FULL HIXING IS AClllEYZI) A1TER A PLIJHE DISTAllCE OF ABODT FIVE 
LAYEll DEPTBS FR0H TBE DIFFl1SEJl. 

PROFILJ: DEFINITIONS: 
BV • layar depth (vertically mixed) 
BH • top-hat half-width, in horizontal plana normal to trajectory 
e• aver■ge (bulk) conc■ntration 
s • co=■■ponding average (bulk) dilution 

PIIEDICTION 
X y z s e IV 11B o.oo o.oo 0.30 1.0 0.1001!!+03 0.30 7.50 0.37 o.oo 0.30 29.8 0.3351!!+01 0.30 7.39 0.75 o.oo 0.30 29.8 0.3351!!+01 0.30 7.30 1.12 o.oo 0.30 29.8 0.33SE+Ol 0.30 7.22 1.50 o.oo 0.30 29.8 0.3351!!+01 0.30 7.15 1.87 o.oo 0.30 29.8 0.3351!!+01 0.30 7.09 2.25 o.oo 0.30 29.8 0.3351:+01 0.30 7.04 2.62 0.00 0.30 29.8 0.335E+Ol 0.30 6.99 3.00 o.oc 0.30 29.8 0.3351!!+01 0.30 6.95 3.37 o.oo 0.30 29.8 0.3351!!+01 0.30 6.91 3.75 o.oc 0.30 29.8 0.335E+Ol 0.30 6.87 

• • 
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4.12 o.oo 0.30 29.8 0.33511:+01 0.30 6.84 
4.50 o.oo O.JO 29.8 0.33511:+01 0.30 6.82 
4.87 o.oo 0.30 29.8 0.33511:+01 0.30 6.80 
5.25 0.00 0.30 29.8 0.33511:+01 0.30 6.78 
S.62 0.00 0.30 29.8 0.3351:+01 0.30 6.76 
6.00 o.oc 0.30 29.8 0.33511:+01 0.30 6.75 
6.37 0.00 0.30 29.8 0.33511:+01 0.30 6.74 
6.75 o.oo 0.30 29.8 0.3351:+0l 0.30 6.74 
7.12 o.oo 0.30 29.8 0.3351!!+01 0.30 6.74 
7.50 o.oo 0.30 29.8 0.3351!!+01 0.30 6.73 

END OF MOD271: ACCELERATION ZOHl!! OF tnril)lRECTIONAL CO-l'LOWING DIFFl1SER 

Bl!!CIN KOD251: DIFFUSER PLtlHE IN CO-l'LOII 

PBASE l: VERTICALLY HIXED, PBASE 2: RB-STRATIFIEII 

PHASE 1: THE DIFFUSER PLtlHE IS VERTICALLY FIJLLY HIXED 0VER TBE 
ENTIRE LAYER DEPTR. 

• 

TRIS !'L0W REGION IS INSIGNIFICAHT DI SPATIAL EXTEHT ANO WII.L BE BY-PASSEI>. 
END OF PBASE 1 

PHASE 2: THE l'L0W HAS RESTRATIFIED AT TBE Bl!!CIIIJIIHG OF TRIS Z0NE 

TRIS FL0W REGION IS INSIGNIFICAHT IN SPATIAL EXTEHT ANO WII.L BE BY-PASSEI>. 

END OF MOD2Sl: DIFFUSER PLIJHE IN CO-l"LOW 

*** 11:lrD OF BYDRODYHAHIC HIXING ZOHl!! (1111%) ••• 

TBE wnlTB PREDICTIONS IN TBE FOLLOIIIRG IIDDULE WILL BE ADJOSTZD BY A FAC'r01l 
OF 1.26 IN ORDER TO SATISFY HASS rt.m: CONSERVATION IN THE FAR-FIEL!). 

BEGIN HOD241: BOOYANT AHBIEHT SPREADIRG 

DISCBARGE IS NOII-BOOYAHT OR WEAKLY IIUOYAHT. 
TBEREFORE BOOYAHT SPREADING REGIME IS ABSEHT. 

END OF KOD241: BOOYA!ff AHBil!!lff SPREADIRG 

BEGIN HOD261: PASSIVE AHBIENT KIXIRG IN OHIFORK AHBil!!lff 

VERTICAL DIFFOSIVITY OF AHBIEHT FL01f: EDil'TV • 0.003720 m••2/e 
HORIZONTAL DIFFOSIVITY OF AHBIEHT FLOII: EDIFFB • 0.009299 m••2/■ 

SIHOLATION LIKIT BASED ON MAXIHOK SPECIFIED DISTAHCE • 1000.00 81 
TRIS IS THE REGION OF IHTEREST LDIITATI0N. 

PROFILE DEFilUTIONS: 
BV • Gau■■ian ■ .d. (461) thickn•••• -a■ured vertically 

• or equal to layar deptb, if fully mized 
BB • Gau■■ian ■ .d. (461) half-widtb, -a■ured horizontally in y-direction 
C • c■nt■rlin• conc■ntration 

*!19, /L. 
111 ~2 

1'11", ... n,,r.r;,.r '1>'11 • ¡ 1\1 4 tA \\ ,,;:u: 4S J\5!4%/¼\l'A\ §Ji ,ltL(,Qfo( p:;.¡p:g iifl,.P.:P ¡:p; i}!flf'o+,i#WfiH!'ii1◄Ml-!hf/4UM4!SP,%.-E!A~d\4,il ¡:;;::;:;;_;;i,m,:w,!'l/¡n.:¡.a ?WJij.M)l!ll½4¼illi&$llVP11 ,% n!lhli\Wfol,,;,¡:¡ fllli,, b-fhM S?J.II\J141(11i/4iliMPMMll!lhfit;¡;¡¡¡m!l'l~l~l\i MZ /5, l.ilflp~ 4$ )44 9'1111.'(11t);; ¡ 46 C#I ~laJlt)O(IIN, $)ll41WW!JSf&W -



·"'•\¾,;,>,o,a ••" "''"'·~·· -=;,;.. ___ ,;;,;_, __ "'•'~••·••---•--~,...:C-"s~<l""•=>s\>,"'1"""'•~.C°"'\«(""i-<'-'"""''"'"'""'"""'""'"'""·''""'-°"_,;.....,-,,--,~~-•~•~--,¡¡.,__,-.,,,S,,,_,_~,\, 

• • 

-c22-

TABLE C-6 (Continued) 

s • carre•ponding centerline dilution 
zu • app■r plum■ boundary (Z-coordinate) 
ZL • lower plum■ boundary (Z-coordinate) 

PUl>ICTJ:ON: STAGI!: l: HOT IIAMJt ATTAClll!:II 
l[ y z s e 

PUIHI!: DITERACTS WITB SlJJlFACI!: 
BV 

• 

BB zu ZL 

THE PASSIVI!: DI!'FOSION PLtJHI!: BECOKES Vl!:RTICAI.I.Y FOLLY 1UDD WITBIN TRIS 
PREDI«::rION INTl!:RVAI.. 

7.50 0.00 0.30 29.8 0.3351!:+ol 
57.12 0.00 0.30 30.4 0.3291!:+0l 

106.75 0.00 0.30 30.9 0.3231!:+ol 
156.37 0.00 0.30 31.4 0.3181!:+ol 
206.00 0.00 0.30 32.0 0.3131!:+ol 
255.62 0.00 0.30 32.5 0.3081!:+ol 
305.25 0.00 0.30 33.0 0.3031!:+ol 

** REGULATORY KIXING ZONE BOUNDARY ** 

O.JO 
O.JO 
O.JO 
0.30 
0.30 
O.JO 
O.JO 

8.47 
8.62 
8.78 
8.93 
9.08 
9.23 
9.37 

IN TRIS PREDICTION INTl!:RVAI. THE PLUKE WIDTB Kl!:l!:TS OR EZCEl!:DS 
TBl!: llGULATORY VAI.UI!: • 19.00 m 
Tl!IS IS TRI!: EJ:TEllT or TBI!: REGULATORY KIXING ZORB. 

354.87 o.oo 0.30 33.5 0.2991!:+ol 0.30 9.51 
404.50 º·ºº 0.30 34.0 0.294E+Ol 0.30 9.65 
454.12 º·ºº O.JO 34.5 0.2901!:+0l 0.30 9.79 
503.75 o.oo 0.30 35.0 0.286:S+ol 0.30 9.93 
553.37 o.oo O.JO 35.4 0.2821!:+ol 0.30 10.06 
603.00 0.00 0.30 35.9 0.2791!:+0l 0.30 10.19 
652.62 o.oo 0.30 36.4 0.2751!:+ol O.JO 10.32 
702.25 o.oo 0.30 36.8 0.272:S+ol 0.30 10.45 
751.87 o.oo 0.30 37.3 0.268:S+ol O.JO 10.58 
801.50 o.oo 0.30 37.7 0.2651!:+ol 0.30 10.71 
851.12 o.oo O.JO 38.1 0.262:s+ol 0.30 10.83 
900. 75 o.oo 0.30 38.6 0.2591!:+ol 0.30 10.95 
950.37 o.oo 0.30 39.0 0.256:s+ol 0.30 11.08 

O.JO 
O.JO 
0.30 
0.30 
0.30 
0.30 
0.30 

0.30 
0.30 
0.30 
O.JO 
0.30 
0.30 
O.JO 
0.30 
0.30 
0.30 
0.30 
0.30 
0.30 

SIMULA%10!f LIMITAS SPBCIFIED RAS SED Rl!:ACIIED7 PREDICTIO!I 'l'ERKIRATl!:S 
AT TlllS STAGB. 
1000.00 0.00 0.30 39.4 0.254:S+ol O.JO 11.20 O.JO 

END OF !10D261: PASSIVI!: AKIIIBNT KIXIMG IR UMIFORH AKBIElff 

o.oo 
o.oo 
0.00 
o.oo 
o.oo 
o.oo 
o.oo 

o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 

o.oo 

Bl!:CAOSE or TRI!: FAIRLY LARGI!: SPACIMG Bl!:TWl!:l!:N ADJACl!:lff RISERS/NOZZLl!:S/PORTS, 
TRI!: Aaon: RESULTS KAY BE tlllUI.AIILI!: IN TBB DIMl!:DIATB MBAR-FIELI> or 
THE DIFFOSER. 

A SUBSEOOEHT APPLICATIO!I or CORHIXl IS REC0MHl!:1IDl!:D TO PROVIDI!: MORE Dl!:TAIL 
FOR ORE or THE INDIVIDUAL Jl!:TS/PLUKES IJI TBB INITIAL RBGION 

Bl!:FORE KEIIGING. 

l!:nd ot OUtput 
COIIMIX2: Submerc¡ed Multiport Diffu•er• EPA Ver•ion 1.20 (OCtober 1991) 
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With regards to the regulatory mixing zone (RMZ.), the 
prediction results indicate that it will be encountered ata 
considerable distance downstream, at about 305 ■ (= 1000+ ft), 
i.e. outaide the region plotted in Figure C-6. The dilution at 
that location is 33.0, corresponding to a local centerline 
concentration value of J.O l. 

Finally, it is illuminating to compare the performance of 
the propoaed multiport diffuser design with the existing single 
port situation, both under 7Ql0 low flow. This is done in 
Figure C-7 by plotting the plume centerline concentration. 
(Note: The data sheet, session record, and output file for this 
CORMIXl application are omitted for space reasons.) Clearly, the 
-.ultiport design achieves much more rapid initial mixing by· 
capturing more of the ambient entrainment flow as the diffuser is 
spread over portien of the river width. Figure c-7 also includes 
an additional CORMIXl prediction for a single plume out of the 
7-nozzle arrangement to provide more detail in the near-field; 
the user has been prompted by several messages within CORMIX2 to 
perfora this additional prediction. 

20,, 
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Note: The concentration• •hown •••ume that the chemical'• Ulbient 
receiving water concentration ie zero. If the ambient concentra­
tion i■ greater than zero, th■ in-■tr■am conc■ntration■ ar■ caleu­
lated by adding the Ulbient concentration to the diluted di•charge 
concentration• dapicted in thi• figure. 

FIGURE c-7 PREDICTED PLOME CENTERLINE COlfCEHTRATIONS 
UNDER 7Q10 LOW FLOW IN SHALLOW RIVER: 

COMPARISON OF SINGLE PORT (CORMIX1) AND 
MULTIPORT PIFFUSER {CORMIX2) PESIGNS 
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CORKU3 CNJI STVJ>J; BtJOYAll'l' BURDCI PXSCJWtGI UN! JB'l'UllJ 

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 froa a large .anufacturing plant discharging its 
process water into an estuary. 

0.1 Problem statement 
A manufacturing plant (C-Plant) is discharging process water 

ata volUllletric rate of 2.2 r/s (= 50 mgd). The process water 
is essentially fresh water with a discharge temperature of 
20.0 •e and it contains copper ata concentration of 80 ~g/L. 

The plant is located at the shore of an estuary. Figure 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 anda width of 2.0 m. Thus, given the 
tidal variation indicated in Figure 0-1, the actual channel depth 
will vary fr0111 a maximum of about 2.0 m at MHW to a m1.n1.mum of 
about 0.25 m at MLW, with corresponding adjustments in the 
discharge velocity. 

01st. +2 
From 
MSL I! 
(m) 

-2 

-4 

-6 

Oeslgn Tldal Level 
__ J ________ MHW 
------- - - -- ---MSL 

11¡~;¡;,. 2.5 m MLW 

Bonom ol _&.O m Ac:wal Otlshore Topography 

0 

g~•,.c;:'n■;¡ie , Transect 1 / Transect 11 

CORMIX3)r ----­
Scllemallzatlon 

100 200 300 Dlstance 
Ollshore 
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FIGURE P-1 BATHYMETRIC CONDITIONS IN ESTOARY 
IN y¡cINITY OF SURFACE DISCHARGE 

Figure D-2 shows data from oceanographic field surveys near 
the discharge site with velocity variations from about +o.7 m/s 
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FIGURE 0-2 OCEANOGRAPHIC DATA FOR ESTUARINE SrTE 

for flood tide and to about -o.7 m/s for ebb tide. The estuary 
contains 20 •e brackish water with mean salinity of about 26 ppt, 
yielding a density of about 1018 kg/r (see Figure 10 asan aid). 

State regulations specify a mixing zone of about 300 m 
extending in any direction from the discharge point. Tbe CMC and 
CCC values for copper are 25 and 15 ~g/L, respectively. 

0.2 CQRMIX3 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 conditions change 
and, perhaps more importantly, the discharge exit velocity will 
vary greatly depending on tidal stage. Clearly, several applica­
tions of CORMIX3 should be performed to assess the behavior at 
different stages in the tidal cycle. (Note: so- suggestions on 
~ow 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 unst-dy plume 
behavior in tidal situations is presently lacking, however.) 

The plume condition with law discharge velocity that will 
prevail during the high flood stage aay be considered as most 
critical in its environmental illpact since it may be associated 
with high concentration levels dueto poor mixing and with shore­
line contact. For this reason, a CORMDC3 simulation for an aver­
age flood tide condition is performed first and presented here. 
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Fiqure P-2 shows the design condition with a water level of 0.5 m 
a.bove MSL and flood velocity of about 0-.5 m/s. 

As shown in Figure p-1, the ambient water body is schem­
atizecf 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 manda 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 0-21 and in the detailed output file 
(Table P-3); plume conditions are plotted in Figure o-~. 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 (M00323). Ouring the latter stage, 
the plume already experiences shoreline interaction as the user 
is informed in a special message. At a.bout 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 Figure D-3. The CMC condition is quickly met and 
satisfies all three applicable TOZ criteria. However, the 
limited mixing in the far-field does not satisfy the CCC 
condition within the RMZ defined by a distance of 300 •· In 
fact, that condition is encountered only ata somewhat larger 
distance of 457 mas indicated in the Table p-2 summary. 

Flood 
➔ 

Tlde 
o.s mis 
➔ 

,. 

100 

Olsc:harg/ 
Channef 

100 
Conc:entratlon 

ppb 

Olfshore 
Olstanc:e y (m) 

Plume 
Boundary 

t.. 

Bouyant Spreadlng 
MOD 3-41 

\ 

RMZ 

200"~ - 300 
Shorellne 
Contac:I 

Shorellne Olstanc:e 
Alongshore x(m) 

Dlsc:harge 
RMZ 

MC 
,1 

--=-----------------------
100 200 300 x(m) 

FIGURE P-3 BUOYANT SURFACE OISCHARGE PLOME BEHAVIOR 
PREDICTED BY CORMIXJ IN ESTUARY 
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TABLE p-¡ DATA SHEET FOR BOUYANT SURFACE DISCHARC.~ IN ESTUMX . 

CORMIX3 - Buoyant surface discharges - CORMIX3 

SITE/CASE IDENTIFIER: Preparad by: 
Site Name ESTUARY 
Discharger C-PL~NT GHJ 
Pollutant !:llPm Date preparad: 
Design Case FLOOO-TIDE 10/28/91 
DOS FILE NAME FLOODl 

AMBIENT DATA: 
Bounded or unbounded7 UNBOUNDED 
Channel width --- m 
Channel depth 6.0 m 
Ambient flowrate --- m'/s or: Ambient velocity 0.5 mis --- ·or: Darcy-Weisbach f ~ Manning's n ------
Density data: 
Fresh or salt water? SALT 
Density or temp. values7 DENS ITY 
Average density 7oiB:o lcgtm• or: Average Temperatura --- "C 

DISCHARGE DATA: 
.a...frjghl bank? Discharge located on 

Discharge configuration ...E.\..J&!:L (flush, protruding. or coflowingl 
Horizontal angle (SIGMA1_9_0 __ • lf protrudlng: 
Depth at discharge -1..:.?__ m Distance from banlc ---m 
Bonom slope (THETABJ .J.L.Q_ • 

lf rectangular cross-section: lf circular cross-section: 
Discharge channel width 2 . O m Outlet pipe diameter --- m 
Discharge channel depth -,-:-S--- m ---

Discharge flowrate 2 .2 m•ts or: Discharge velocity --- mis 
Discharge density __:::__:_ lcgtm• or: Discharge temp. 20.0 -e 
Concentration units MUG-P-L 
Discharge concentration ~ 

MIXING ZONE DATA: 
Is effluent toxic? ...2!L_ lf yes: CMC value 25.0 

CCC value 15.0 
Is there a WQ standard for 

conventional pollutant? NO lf yes: value of standard..=.:.,:_ 
Any mixing zone specified7 YES lf yes: distance 300 m 

or width (% or mi ___ 

or area (% or m21 == 
Region of interest 1000 m 
Grid intervals for display -,-¡¡-

Date of data input into CORMIX3: 10/28191 

• • • 
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TABLE P::2 CORMIX3 SESSION RECORD fOB EsttlUX 

xuxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxuxxx 
CORHELL MIXING 10111! BXPERT SYSTBN 

CORHIX3: Buoyant Surfaee Diaehargea CU Veraion 1.10 (Allqu■t 1991) 
Start of aeaaion: 10-28-1991 15:50:17 .............................................................................. 
SITE/CASJ!! DBSCRIPTION 

Sita -
Effluent diaeharger 
Pollutant 

SUMMARY: 
• ESTUARY 
• C-PLANT 
• COPPER 

DESIGN CASE • FLOOD-TIDE 
FILE IIAME • FLOODl .............................................................................. 

SOMMARY OF AMBIENT CONDITIONS: 

The ambient water body is bounded. 
Average water depth HA = 6.0 m 
Ambient veloeity UA = 0.5 m/s 
Darey-Weiabaeh f F • 0.025 
Ambient denaity RBOA • 1018.0 kg/m-3 .............................................................................. 

SUMMARY OF DISCBARGE CONDITIONS: 

The diaeharge eonfig-uration is: 
Diseharge loeated on 
Diaeharge angle 
Depth at diaeharge 
Bottam slope at diseharge 
Di■eharge ero■s-seetion area 
Diseharge aapect ratio 
Diaeharge flowrate 
Diaeharge veloeity 
Di.aeharge denaity 
Effluent eoneentration 

flush diseharge. 
right bank/ahoreline. 
SIGMA= 90 de9 
HD • 2.5 a 
TBETAB• 11.0 deg 
AO = 3 m"2 
AR • 0.750000 
QO • 2.2 a"3/a 
ºº • 0.733333 a/■ 
RBOO • 998.387207 lcg/a"3 
CO • SO.O MIJG-P-L .............................................................................. 

SOMMARY OF MIXING ZONE PARAHETERS: 

The effluent i■ toxie as defined by OSEPA atandarda. 
The diseharge is subjeet to Toxie Dilution Zone (TDZ) reatrietio~a. 
CJC • 25.0 MO¡;.;P-L. 
CCC • 15.0 MOG-P-L 

Regulatory Mixin9 Zone (RMZ) is speeified by distance. 
Mixin9 zone extent • 300 (m if length or width or a"2 if ar-)• 

Region Of Intereat (ROI) is apeeified by downatream di■tanee. 
ROI • 1000 m froa diseharge point 

Number of intervala for predietion display• 10 

.............................................................................. 
Program Eleaent PARAN: Design Case: FLOOl>-TIDE 

The effluent density (998.387207 kg/m-.31 is lesa than tbe aurrounding 
Ulbient water density (1018.0 kglm"3J. 

Therefore, the effluent is positively buoyant. 

Flov bulle parameters: 
Di■eharge volume flux 
Di■eharge momentua flux 

QO 
NO 

• 2.199999 •"3/ ■ 
• 1.613332 •• ,,.-2 

!'J?AM ,'ffH dlf.l.,,...i .*/+L ,_QA ;,¡ _4,¾} ;g; Q:W,&$1 $#2!&,A;:t Qt,,JJJ.t,JiR.4?!6%.f.41L@J,6.§h./.b,AA.\ ,*iMMA ;;_ ~l!!'-IN!lll'lbl.<«.14,~lf,IJl~,ir;i~.14_;¡¡:¡p.¡l!\!W)).h/&fr!,0"'1.W, SJ i4 tA,..H:;;¡:;?JiW¡hiJ;.g;,(/4\,.,.,J/, .,~,-¡;;,;+A ,,{\WAQ%Pl,l.,;m11JM&Miii!l)IJJ>iL.WN.(t?fif{\IF.) 
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(Continued) 

JO • 0.415657 ••• , •• 3 Discbarge buoyancy .flux . 
Reduced gravitational acceleration GPO • O. 188935 m1.·2 

Non-dimensional parameters: 
Velocity ratio R • 1.466666 
DenaiDetric Froude number FRO • 1.281931 (baaed on LQ) 

• 

Channel densimetric Froude number FRCB • 1.377525 (baaed on ontlet 
channel depth) 

Flow length scales: 
Oischarge length scale LQ • l. 732051 m 
Jet to crossflow length scale LID • 2.540340 ■ 
Plu■e to crossflow length scale Lb • 3.325254 ■ 
Jet to plWlle transition length scale LM • 2.220369 ■ 

.............................................................................. 
Program Ble■ent CLASS: Oesign Case: FLOOO-TIOE 

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. 
Tbe a■bient is deep. 

+---------------------------------------------------+ Flow class FJ2 
+--------------------------------------------

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• Program Blement SUM: Oesign Case: FLOOD-TIOE 

X-Y Coordinate system: 
Origin is located at tbe water surface in center of discharge cbannel/outlet: 

O.O 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 

•••••••••••••••• HYDRODYHAMIC CLASSIFICATION AHD SIMULATIOH ••••••••••••••••• 
Flow Class • FJ2 

----------------------- ------------------------HYOROOYNAMIC MIXING ZOHE (BMZ) CONOITIONS: 
Note: The BMZ is the zone of strong initial IIU.Xl.ng. It has -no legal 

implieation. Bowever, this information may be useful for tbe discharge 
designer because the mixing in the BMZ is usually sensitive to the 
discbarge design conditions. 

Pollutant concei.tration at edge of BMZ = 18.36 MUG-P-L 
Dilution at edge of BMZ - 4.35 

Plu■e Loeation: X• 45.07 m 
(centerline coordinates) y= 10.52 m 

Plu■e Oi.Jllensions: half-width • 23.10 m 
thickness - .41 m 

-----------------------------------------------------· ------- ---------------PLOME BAHlt CONTACT SUKKARY: 
Plu■e is in contact with the nearest bank throughout si■ulation. 

• 

TABLE P-2 

• 
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(Continued) 

Plwae does not contact tbe far bank in the ■iJllulation. 

**WARNING•• 

• 

Shore line interaction oecurs in tbe near-field. Prediction values ■ay 
not be accurate. 

•••••••••••••••••••••••• TOXIC DILUTION ZON2 
Recall: The TDZ corresponda to the three (3) 

Technical Support Ooeu■ent (TSO) for Water 
1991 (EPA/505/2-90-001). 

Criterion ■aximu■ concentration (CKC) 
Corresponding dilution 

Plu■e Loeation: 
(centerline coordinates) 

X 

y -

Plu■e Dimensions: plume half-width 
plWlle thickness 

SUMMARY •••••••••••••••••••••••• 
criteria issued in the OSEPA 
Quality-based Toxic~ Control, 

25.0 KUG-P-L 
3.20 

18.13 m 
6.56 m 

6.77 m 
1.04 .• 

Criterion 1: This location is within SO times the discharge length acale of 
LQ • 1.7 m. 

++++++ The discharge length scale test for the TDZ has been SATISFIED. +++++ 

Criterion 2: This loeation is within 5 times the ambient water depth 
BA • 6.00 m. 

1111111111 The ambient depth test for the TOZ has been SATISFIEO. 11111111111 

Criterion 3: This loeation is within one tenth the distance of the extent 
of the regulatory mixing zone of 300.00 m downatream. 

+++++ The regulatory mixing zone test for the TOZ has been SATISFIED. ++++++ 

*** All three CKC criteria for the TOZ are SATISFIEO for thia diacharge *** 

The discharge veloeity is equal to .7 mis. 
This is less than the minimu■ of 3.0 m/a recommended in the TSO. 

++++ The discharge veloeity recommendation for the TDZ has NOT been met.++++ 

•••••••••••••••••••••• REGULATORY KIXING ZOHE STJMMARY •••••••••••••••••••••••• 
The plume conditions at the boundary of the specified RKZ are as follows: 

Pollutant concentration • 15.81 KUG-P-L 
Corresponding dilution • 5.06 

Plume loeation: X • 300.00 ■ 
(centerline coordinates) y - .oo m 

Plu■e dimensiona: half-width • 61.40 m 
thickness = .36 m 

Bowever, the CCC for the toxic pollutant has not been met within the RMZ. 
In particular: 

The CCC was encountered at the following plume position: 
CCC - 1s.oooooo KUG-P-L 
Co=esponding dilution - 5.3 

Plu■e loeation: X a 457.641600 m 
(centerline coordinates) y - .000000 m 

Plwne dimensiona: half-width • 75.722640 m 
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thickness • .310520 m 

• 

............................................................................. 
DESIGN CASE: FLOOD-TIDE 
FILE MAME: FLOODl 
End of aesaion: 10-28-1991 15:56:29 

CORMIX3: Buoyant Surface Dischargea CU Version 1.10 (Auguat 1991) 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

.. -··--. 
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TABLE P-3 

• • 
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0UTPUT FILE FOR DETAILED CORMIX3 PREDICTIOH 
f'QR ESTUARY 

33333333333333333333333333333333333333333333333333333333333333333333333333333333 

CORNELL MIXING ZONE EXPERT SYSTEM 
CORMIX3: Buoyant Surface Discharges CU Version 1.10 {Auguat 1991) 

--------------------------------------------------------------
SIKULATION / CASE 

SITE NAME: 
DISCHARGER NAME: 
POLLUTANT NAME: 

DESCRIPTION 
ESTUARY 
C-PLANT 
COPPER 

DESIGN CASE: FLOOD-TIDE 
DOS FILE NAME: FLOODl .CXO 
DATE ANO TIME OF FORTRAN SIMULATION: 10-28-1991_15:33:26 

ENVIRONMENT PARAMETERS (METRIC 
UNBOUNDED SECTION 
BA a 6.00 BD 
UA • .SO F 
RHOA • 1018.00 

UNITS) 

2.50 
.025 

DISCHARGE PARAMETERS (METRIC UNITS) 
BANK • DISTB • .00 
RECTANGULAR DISCHARGE 
BO • 2.000 BO 
SIGMA • 90. 00 THETAB 
00 • .733 QO 
RHOO • 998.39 DRBOO 
CO • .8000E+02 UNITS 

FLUX PARAMETERS (METRIC UNITS) 

1.500 AO 
11.00 

2.200 (QO 
19.61 GPO 

MUG-P-L 

QO • .2200E+Ol MO • .1613E+Ol JO 

ASSOCIATED LENGTB SCALES (METERS) 
LQ • 1.73 LM 
LQ2D • • 00 LM2D 

NON-DIMENSIONAL PARAMETERS 
FRO • 1.28 R 

FLOW CLASSIFICATION 

2.22 
.oo 

1.47 

Lm 
Lm2D 

3.000 

.2200E+Ol) 

.1889E+OO 

• .4157E+OO 

2.54 
.oo 

Lb 

-····································································· FLOW CLASS FJ2 • ..................................................................... 
MIXING ZONE / TOXIC DILUTION / REGION OF INTEREST PARAMETERS 
co • .8000E+02 UNITS • MUG-P-L 
NTOX - l CMC • .2SOOE+02 CCC • CSTD 
XMAX - 1000.00 
LEGMZ • l LEGSPC • l LEGVAL • 300.00 
XLEG - 300.00 WLEG - ·ºº ALEG - .00 
ROI - 1000.00 
NSTD - l CSTD • .1500E+02 
NSTEP • 10 

X-Y COORDINAT! SYSTEM: 

3.33 

ORIGIH ia located at the water surface and at the center of the discharge 
channel/outlet: .oo m from the rightbank/ahore. 
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TABLE P-3 

X-axis points downstreaa 
Y-axis points to left 

BEGIN MOD301 : DISCBARGE MODULE 

PROFILE DEFINITIONS: 

• 

-010-

(Continued) 

BB • Gaua■ian 1/e (371) horizontal half-width, normal to trajectory 
BV • Gaussian 1/e (371) vertical thickness 
C • centerline concentration 
S • corresponding centerline dilution 

PREDICTION 
X 

.oo 

END OF MOD301 

y 

·ºº 
BB 

1.38 

DISCBARGE MODULE 

BV 
1.38 

e 
.800E+02 

s 
1.0 

• 

--------------------------------------------------------------------------------------------------------------------------------. --------------------BEGIN MOD311 : WEAJCLY DEFLECTED JET (3-D) 

SIGMA> 45 DEGREES 
SURFACE JET INTO A CROSSFLOII 

TBIS FLOW REGION IS INSIGNIFICANT IN ITS SPATIAL EXTENT AIID WILL BE BY-PASSED. 

END OF MOD311: WEAKLY DEFLECTED.JET (3-D) 

-----------------------------------------------------------------------
----------------------------------------------------BEGIN MOD321: STRONGLY DEFLECTED JET (3-D) 

PROFILE DEFINITIONS: 
BB • Gaussian 1/e (371) horizontal half-width, normal to trajectory 
BV • Gaussian 1/e (371) vertical thickness 
C - centerline concentration 
S • corresponding centerline dilution 

PREDICTION 
X y BB BV e s 

.oo ·ºº 1.62 1.62 .800E+02 1.0 

.52 .47 1.77 1.77 .677E+02 1.2 
1.05 .88 1.89 1.89 .S93E+02 1.3 
1.57 1.24 2.00 2.00 .530E+02 1.5 
2.09 1.56 2.09 2.09 .482!!+02 1.7 
2.61 1.86 2.18 2.18 .444E+02 1.8 
3;14 2.13 2.26 2.26 .412E+02 1.9 
3.66 2.39 2.34 2.34 .386E+02 2.1 
4. 18 2.63 2.41 2.41 .363E+02 2.2 
4.70 2.85 2.48 2.48 .343E+02 2.3 
5.23 3.07 2.54 2.54 .326E+02 2.s 

END OF MOD321 STRONGLY DEFLECTED. JET (3-D) 

------------- -· ---------------------------------------
BEGIN MQD323: STRONGLY DEFLECTED PLOME (3-D) 

PROFILE DEFINITIONS: 

-----------------

BB • Gaussian 1/e (371) horizontal half-width, normal to trajectory 
BV • Gaussian 1/e (371) vertical thickness 

\Qfii4UJ&\,, ;.;,;µ; "! .¾IHM ;il'!IL 1)1 ;M, •-~~ i9e $Ji hS..$,¡tWl. 4, AAA!'ll'.;; ? ¡~~~di,. i¡;.AM~<1,q.a>i,1,j,fi('!, R4,, ••°""' 
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C • centerline concentration 
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(Continued) 

S • corresponding centerline dilution 

PREDICTION 
X y 
5.23 3.07 
9.21 4.43 

13.19 5.49 
17.18 6.38 

** CMC HAS BEEN FOUND ** 

• BB 
2.32 
3.55 
4.83 
6.36 

BV 
2.32 
1.69 
1.34 
1.09 

e 
.326E+02 
-293!+02 
.272E+02 
.254E+02 

s 
2.5 
2.7 
2.9 
3.2 

TBE POLLtJTANT CONCENTRATIOR IN TBE PLOME FALLS BELOW TBE 
CMC VALOE OF .25E+02 DUETO MIXING IN TBIS INTERVAL. 

18.14 6.57 6.78 1.05 .250E+02 3.2 
TBIS IS TBE EXTENT OF TBE TOXIC DILUTION ZONE. 

21.16 7.16 8.12 .91 -239!+02 
25.15 7.84 10.10 .77 .226E+02 
29.13 8.47 12.31 .67 .215E+02 
33.12 9.04 14.72 .se .206E+o2 
37.10 9.57 17.32 -51 .l97E+02 
41.09 10.06 20.12 .46 .l90E+02 
45.07 10.53 23.11 .41 .184E+02 

BHD OF MOD323 STRONGLY DEFLECTED PLOME (3-D) 

·3.4 
3.5 
3.7 
3.9 
4.1 
4.2 
4.4 

- - --------------------------------------------------------- ---------------------------------------------------------------*** END HYDRODYNAMIC MIXING ZONE (HMZ) *** 

-- ---------------------------------------------------------------
------------------------------------------------BEGIN MOD341 BOOYANT SPREADING 

TBE PL'DME INTERACTS WITB TBE NEAR BANK SOMEWHERE IN TBE 
PREVIOUS MODULE. FOR TBIS REASON TBE FAR-FIELD PREDICTIONS MAY 
BE INACCIJRATE. TBE WIDTB AND DEPTB WILL BE RECALCOLATED. 

- ------------------------------------------------------------BARlt A'l"l'ACBMENT 

PROFILB DEFINITIONS: 
BB • top-hat half-width, measured horizontally from bank/shoreline 
BV • top-hat thickness,measured vertically 
C • average (bulk) concentration 
S • corresponding average (bulk) dilution 

PREDICTION 
X Y BB 

45.07 .00 33.63 
140.56 .00 45.07 
236.06 .oo 55.20 

*'" REGULATORY MIXING ZONE BOUNDARY 

BV 
.57 
.46 
.39 

e 
.184E+02 
.171E+02 
.162E+02 

s 
4.4 
4.7 
4.9 

IN TBIS PREDICTION INTERVAL TBB PLOME DISTANCE MEBTS OR EXCEEDS 
TBE REGOLATORY VALUE • 300.00 m 
300.00 .00 61.40 .36 .158E+02 

TBIS IS TBE EXTENT OF TBE REGULATORY MIXING ZONE. 
331.55 .00 64.47 .35 .156E+02 
427.04 .00 73.11 .32 .151E+02 

** WATER QUALITY STANDARD OR CCC HAS BEEN FOUND •• 

5.1 

5.1 
5.3 

TBE POLLUTANT CONCENTRATION IN TBE PLOME FALLS BELOW TBE WATER QUALITY STANDARD 
OR CCC VALUE OF .15E+02 IN TBE CURRENT PREDICTION INTERVAL. 

457.64 .oo 75.72 -31 -150!+02 5.3 
TBIS IS TBE SPATIAL EXTENT OF CONCENTRATIONS EXCEEDING TBE WATER QOALITY 
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TABLE P-3 (Continued) 

STANDARD OR CCC VALUE. 
522;54 .oo 81.27 .29 
618.03 .oo 89.03 .27 
713.52 .oo 96.48 .26 
809.01 .oo 103.64 .24 
904.51 .oo 110.57 .23 

1000.00 .oo 117.28 .22 
TIIE REGIOH OF IHTEREST HAS BEEH REACBED. 

EHD OF SIMULATIOH. 

EHD OF M0D341 BUOYANT SPREADIHG 

.147E+02 

.144E+02 

.141E+02 

.139E+02 

.136E♦02 

.134E+02 

5.4 
5.6 
5.7 
5.8 
5.9 
6.0 

--------------------------------------------------------
End of Output 

CORMIX3: Buoyant Surface Discharges CU Version 1.10 (August 1991) 

33333333333333333333333333333333333333333333333333333333333333333333333333333333 
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ABSTRACI' 

ID an era of growing environmmlal concern, the need to accuratdy predict the 
impact of aqueous dischaiges imo our natural waters has become essential. To lid tbe 
design, analysis, and pmliction of discharges into wate:rcounes, a ICries of softwme 
systemshas been deYelopecl. coined CORMIX for ~ Mixing Z.one ~ Syslem. 
1be fint and sec:oad subsymns of CORMIX, CORMIXl and CORMIX2, del1 with 
submapd single port and multiport discharges, respecti-vely. The objective of this work 
is to develop a thinl subsystan, CORMIX3, which is to be uséd as an engineering too1 
for tbe prediction, analysis and design of buoyant dischaJges at the surface of the 
recemng water body. 

CORMIXJ is designed to ¡he both qualitative and quantitative descriptions of the 
eftluent flow resulting from buoyant surface clischarges. Oiven die myriad of possible 
disclmge and ambient conditions, it is necesmy to develop a classification scheme which 
propedy c:ategori7.es the flow according to its most significant dwacteristics. This 
classfficaMn gives the user a qualitative "picture" of tbe flow. Couplm with tbe flow 
classificalion is a mathematic:al simulatioll which provides tbe quantitative predictioas of 
the dilution, trajec:tmy, w.iddl, and depdl of tbe efflumt st:ream. 

CORMIXJ is intended 1D be a user frimdly system, which facilitates th!! input and 
analysis of a discbarge situation by pmriding ample instructions, explanations of the 
results, and suggestions for improving tbe dilution c:baracu:ristics. However, its gra.test 
advantage over other cum:ntly available moclels deve1opm for surface discharges is its 
ability to predict a wide variety of compl,el flow pbcoomenons, including interaction with 
boundaries, buoyant upstream inttusion, and tecirculation z:ones. 
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t, 

u. - frlction w:locity 

u. .. ambient velocity 

~ - cen~line ftow velocity 

11o-discbaige'ldoc:ity 

v• - velocity of deasity current front 

• 

w. - net velocil.y of fluid ICl'OSS dmsity cunmt froat 

X '"' horizontal downstmun c:oordinate in global c:oordinale systrm 

x•, y•, z' = local (pñmed) c:oordinate systcm 

x. '"' length of mcirmlation region 

X. ... length of apsmam intrusion 

X.,, y .. - coordinaa of virtual origin 

y = horizontal coonlinate in global c:oordinale system perpendicular 10 ambient 

crossflow 

Y- • dis1ance IO maximum depd1 of flow 

Yo • dis1ance discharge channe1 protrudes into ambient wmr 

z - venical coordinale in global coordinate syslem 
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It guides tbe acquisitiaa or esdmatioo of dlla for mode1 .~ •• Y, 

lt lllows a flexible appliadioD of desip mllpl 1"ar a pea point 
rm. 1C1m1ing of aberllalMI, IDd if wermy, IWitlcbiic ._, ¡ndictive 
models thus aYOidm¡ ri¡id adberence ID a lingle aadel. 

lt flap bordaliDe CUIS 1"ar wbic:h DO pmdictM mode1 CIÍIII IDl&eating 
eitber a'YOidm::e of IUCh delips or Clllliaa by usipils a depee of 
Ull0ellliDty. 

lt aJ1owa a ClOlltinuous updale of tbe JmowiedF bue a ÜDpnMd 
predictive models. c,cperirneataJ ~ 11111 field expeaimce wilh particular 
desigas become available. 

lt pmvides a ctoc,lJDl'lft1rd ,nalysis listiDg tbe JmowJedge 11111 dec:isim 1ogk: 
that ~ lead to tbe probJem solutim. 'lbus, 1lllliJae c:mw:atiooal 
progmms or compumr algoñthma, an expat 1)'111::m is nota "blact bax. • 

It pnwides a 00111111011 frmnewodc when:by botb n:gulan (ildenl or 
state), appliamls, 11111 tbe ICimtific coammnity ca arme•, ~ 
m tbe Slale-of-the-art h)'dJodynamic: miDllg mi pa1lution mntro1. 

lt giws pollullnt COüCdlttatiua at tbe specified ft!glllatmy mimg zaaes. 

Finally, llMI perhaps most impor1aDtly, it provides a laChillc emironmalt 
when:by tbe iaitially mexperjeoa,d analyst, througb repeallld imraclive 
use, pms pbysical imigbt IDd 1mm◄11¡mgg about illilial 111WJ1g 
proceaes.. 

1,1,2., CORMDQ • An E¡pert $l$1aP fprtlg Analysis 1P1! Pmtictim gfBpqyBQt Sµrface 
Didium 

Tbe following sectioD provides tbe ICOpC and objecthies of tbe pmml ltUdy and 
a -.ry of this wmk. 

1.1.2.1. Scope and Objcctives 

lt is tbe pmpose of this ltUdy to c:mde ID expat 1)'111::m wbic:h mlúm a flow 
danific:ation ICheme tbat assures tbe use of applic:able modelling tec:lmiques for tbe 
vamty of possible flow patla"DS tbat may resulL Tbe sy◄em, dubbed CX>RMJX3 for 

. ~ MixiDg 7.alle Egpert Syslem - Subsystem ~• is meant to lle ID eagina:ring too1 

3 

e • • • e 

wbida may be used to 1D1112 a majority of positiwly and neutrally baoyant sumce 
dilc:lmges. • 

CORMIX3 is tbe tbiJd of a series of lllbsyslems wbic:h mate ap tbe CORMIX 
&pcrt System. 1be first subsymn, CORMlXl, was deYeloped for tbe pra6ctim and 
IDlllylis of submeqed single port dilCbarges (see Doaem and Tnb, 1990). Tbe IIIC00d 
subs,stem, CORMIX2, was sublequeatly deYeloped for multiport diffmers (see Abr, 
1990). 

As ID expeat system, CORMIX3 is designed to be a user-fñmdly program 
Ullalded to guide tbe use:r tbrougb tbe analysis of a particular dilcbar¡e coafiguratjoa. 
To facililate its me ample instructioas shou1d be p!OYided, iu¡gesticms for ÚllpmYiDg 
dillllion c:hanicteristic are ID be included, ami warning measages neecl ID be disp1ayed 
wben UDdesinble or UDCXmlDICll flow cooctitions occur. In additioa, a qualilative 
delcliptiOll of tbe flow is ID be mcluded to gñe tbe use:r a •visual pictme• of tbe flow. 
FinaDy, tbe system sbould pnmde ll0CU1"8te predic:tioas of tbe trajectmy, dilntion ami 
gcometry of tbe flow. 

1.1.2.2. Summary of Present Study 

1be structure of CORMIX3 is similar ID tbat of CORMIXl and CORMIX2. lt 
utilms tbe ~ system sbell VP-Bq,ert (Papeñ,ack Software, Inc.) to col1cct tbe dala, 
parameterize tbe prob)em, and classify the discbatge situatim. Fortran is used ID 
mad!ernatically simulale tbe flow. 

Cbapter n discusses the tbeoretical development of tbe relationships used in the 
hydrodynamic simulatim of tbe flow. It a1so mudes a gene,aI descriplian of tbe four 
flow c:aregoñes wbich CORMIX3 ctistinguishes. 

Chapter m provides a dea:ription of the structure of CORMIX3 IIIII discusses tbe 
two pmgramming languages, VP-Bq,ert and Fortran, used to construct tbe diffcrent 
segmmts of the system. lncluded in this Cbapter is a discussion on tbe fiw program 
elemmts that make up CORMIX3. 

Chapter IV details tbe pmcedme used to classify tbe flow. Also included in tjlis 
Chapter is a cliscussi.on of tbe requin,d input dala and tbe simplified scbemadntioos of 
tbe ambient 1Dd discbatge conditioos. 

Cbapter V describes tbe structure of tbe hydrodynamic simulation llMI lists tbe 
c:q,rasions uscd ID ¡m,dict tbe dilurim, trajectmy, width llMI clepth of tbe efflumt f1ow. 

Chaptec VI is deYOted ID ewluation and verificatim of tbe model. Included are 
--ai comparisons between CORMIX3 predicrions and conesponding 1aboratory and 
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Lm&1h sc:ales me a1lo bem med ID determine empirical mpressioas clmcribing 
upstraaiDlruding plumes (Jonesetal., 1985) ad tbemmt of redn:ulatioa of sboreline 
ltllcWjm (Cm ad Abdelwahed, 1990). Howew:r, a COillpielxmi.-e IIUdy ofleagth­
scale alllel appUradoas to buoyant surface jels las aot bem made. Due to tbe 
diffenam betwem sarface buoyaDt jels llld IUbmapd jets, c:are must be taken wben 
applymg IUCb lm¡1h-sca)e IDllylis u odpially pmpaed by Wright ID surface buoyant 
jeta. 1lalwever, lülCe modamenbil simiJRrities emt ad IClllle app]icability hu bem 
n,copiad, u is nuoaable ID apect dllll by dcvdoping simple mlytical eq,iessioas to 
desaibe dleir relame iegimel of doarimooe, pactk:al predic:tioas CID be made of tbe 
flow bmavior in most buoyaat surface jet l0elllrias. 
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Tbe IDllylis of buoyant surface jels ca t,,, simptified by recogniziDg two 1eJ111a1e 
n:gions: tbe •near-fieldª wl die ªfar-fiddª (see Pig1R 2.1). The near-field daipates 
die emnt of die flow near die disclmge in wllida die mimg is bighly dependent oa die 
dill:harge cooditicms, wherms die mimg m die far..field is dependent IOldy oa tbe 
ambimt c:mditioas. 

The dilutioa in die ncar-fiekl is llighly dependmt CID die iDitial wlume, 
mowtOliiill, wl buoyancy flux of die dilclm:ge. Diffaent d:ischarge CODfiguradons CID 
lead ID fundallll'lltaJJy diffaent flow c:b11w:bi•ics in die near-field. This forms die buis 
far classifyiDg buoyant surface jds. Fouc Cllegaiies of near-field flow patlrmS CID be 
distinguisbed: free jets, wall jets. sbordiDe ll:ladled flows, and upstream intructing 
plDmes. These four ma,jor flow c:alCgOrlm are qualilatiw:ly described in Sec:tion 2.1. 

In the far-field, ambimt tmbulmce, JMtificadan, wind sbear, and many otber 
fllctors clependent on tbeambimt CX!Dditicms ¡ay an>Jem detemúning tbe rateof mixing. 
Lldmal spreadiDg due 1D buoyancy wl passne diffusiOD c:aused by ambient tmbu1mce 
are tbe predomiDant flow proc:eaes in a 1111,jadly of piactical si.tuatioas. Since most otber 
proc:esses arediffic:ult to model wl/ar are gwmlly insignific:ant, ooly buoyant spmiding 
wl passive cliffusioo will be ccmsidered in die far-fidd. 

lt is apparmt tbat DO clear llallsitioa fmm die mar-ficld 1D die far.field msts for 
buoyant surface jds. Althougb die transition is gmdual. an approximate point of transiticm 
CID be estimaled by using particular laJgth selles. Lalgdl sc:ales can be used to delineate 
segimes witbin die flow in wbich partic:ular mimg processes dominate. 'lbese lmgth 
scales are described in Sec:tion 2.2. 

Sectioa 2.3 and 2.4 describe tbe tbeotmcal cxmiderúioos wl development of die 
m:ar-field and far-field regimes IeSpeCtiffly. Tbe mar-fiekl region includes varlous flow 
~es tbat mm up free jets, waU jets. sbaRline au.:bed jets, anc1 upstream inttuding 
plumcs. The far-field includes die two procesaes of buoyant spreading and passive 
diffusion. 

2.1. GmeraI Desc:ription of Flow Patterns 

'Ibe distinction of four majar flow CúegOries is bued on observations in die field 
wl laboratory. 1bree of die four ncar-field flow patlmlS (free jets, shordine attacbed 
jels, and upstream intruding plumes) wae fint quantitativcly dcfincd by Chu aad Tub 
(1986). The fourfh, wall jets, are special caes of he jets wl will be discus.,ecl aloag 
with free jets in Sectioa 2.1.1. 'Ibe following ctiscosrion descn"bes each of these pattems 
aad the processes that are involved. 
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♦º • 1,:• ¾!•AR) 
(2.1') 

w1ae AR is the clia:barge cllllme1 apectlllio defiDed u bJb.. Previoas mpedmce has 
iadimed thlt die upect mio plays • insipfficlnt .. in flows with bicb local dilutioas 
(Jiña et 11., 1981). 

1be iDmal Rgime. cloari!JIDf by 1111111g jet mixmg, is amlogoas to aae-balf of a 
roand mbmetged .ion-buoyantjet. Aflcr a inilial zoae of tlow esllblilllmmt (wbich will 
be ncglecllld in the followiD¡ amlylea). 1be jet clispiays a full Gaussian ~ profile 
in die borlzml:ll diredion 111111 a bllf' GmmilD 'Vdocity pro1ile in tbe wncal direction. 
Figln 2.8 dcmoostrates tbae pru6les. 1be polmllDt CODCC:Dtradm edübits similar 
Gauaian pmfilm. 1be a:u•albe 'lldoc:ity, u.. deca::ws with incmmng diSlaDce aJoog 
da..CiillEtlhe, L However, l0tll. Jlli0ffll'/Jlf•9 flux, M_ is aaerved 1hmagbout 1his region. 
Far jet-liR flows widl a Gaussian pmfile, llle balf-width ~ 111111 venical depth b. of tbe 
fJow am clefmed to be wbe:re the w..ra,ua•i"'ll is lle (37'5) al tbe centedhe 
OODCD!lllitoa. 

From dimensional oonsicknriom, 11,, is foaad to be a fmlClion of the initial 
IDOIDdtt!uo, M,.. IDd tbe dislwe alaDg tbe trajectmy centediDe, a. u follows: 

11.VJ 
•e •ei-• 

11 

(2.17) 

wbcn c. is a caastanL 1be only ~ expxessian for tbe half-width that may be 
obllined fmm clirnensional mlysis is: 

b • brt (2.11) 

wbcn b¡ is a COIISllllL If tbe crnir:dixe diJl!ltion, s, is ddined as CJC. wbexe c.. is tbe 
ixmial discbarF CODCeDtlatiaa 111111 C is llle CWJsedixe COIICellllltiaa, dld1 tbe oaly 

- dimemioDally caasistmt n::lariooship far s is: 

JI':' 11 s - 61--'-" - .s,-
Q. Lq 

(2.1') 

wbcn S¡ is a CCJmlaDL 1be OOIIStllllS Ci, b¡, and s1 must be delermioc:d expcrimentally. 
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b, • b¡, + 1¡(2~J"(~r~ -1n"5 (2.23) 

ñaie ftw and 1¡ are tbe inilial. balf-widlb and distance alaag tbe m,jeceary at tbe 
bqf • Me of 1bis Jqiaa ad bi is a comtlDt. Compamaa 1D Ylrious llbamary remlls 
bawe ]111MD 1bis to be ID ICCIDW descripdoo tJf tbe buoyancy-illduc fPadincpocess. 

Mtapling dw> eattamDffl n:Jationsbip q.(1) • /JVJJ., 1'llln /J isa COllll.r willlia 
dle-■.0.15 and 0.25 (Simplooad Britlm, 1979; Jimad Ama, 1987) andaJllllyiag 
tt... • tbey are for far-fiad proceaea (Sec:ticm 2.4.1), tbe wrtica1 dqJth of die plume 
is dllliled: 

b,)11-1 b, • b.,(,,_, (2.24) 

lfllGCh aoymcy flux and polhdaDt flux are coasened, tbe mio e' I&.' can be mal a an 
inllimaarof tbe dilulion. M clilcussed in Section 2.4. l for far-fidd pm e s, tbedilutim 
1 1 .... i¡, is u foDows: 

s-s,(::r (2.25) 

ñln Is is tbe iDi1ial diladoa. 

2,u Free ,as in , Qpgfto,r 

By IDllogy to aubmetp:d buoyllltjets, tbe tnüecmry ola buoyant me jet can be 
eqia:1111 to pus 1hrou¡b two pbues (Tub. et al., 1981). 1be fint is tbe 'Mllr:ly clefJeclled 
repa ~ tbe m,jec:tory of tbe jet is similar to that of a J11R mome■llllmjet wbidl is 
1-.aJIJdeflected by tbe aossflow. In tbe sec:oad, tbe crossflow bu bmt tbe.,, ow:r 
.... 11m jet/plume behaws lle a line impulle wbich is paduall) pacppting 
pa¡ .,.llar to tbe crossflow. F.acll of these rcgions are detailed in tbe fDUowing 
p~ 2.3.3.1 and 2.3.3.2. 

1be proper Jmgth scale to measure tbe tnnsition betweeo tbese two npms is tbe 
jeHD-amlsflow Jcngth scale, L., discussed in Seclion 2.2.3. Far yfL. < < 0(1), tbe 
a-8uw is relati.vely uoimponant and is tream:l as a small pe:rturbllion on tbe two 
rcpms described in tbe S1agDlmt case. "Ibis ,:egioo is termed tbe "weuly cleflemd 
repm. • For yfL. > > 0(1), tbe aossf1ow becomes tbe primary adWICtin& mndunriw 
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for whicb allel'Dlle tbeories wiD be devdoped (Section 2.3.3.2) and is termed tbe 
•stnmg1y ddlec:ml Jqiaa.. 

Similar flow pbues llave bem establisbed for tbe ~ of submeqed jeta. 
By compuio¡ llllface buoJat jet qeclmy data wilh tbe c::q¡¡essiuw developed for 
mbmerpdjets, Tub. et al. (1981) sbowed that it wou1d be nuaaable ID me similar flow 
r..-, detioearioo • surface buoyant jeta. An updated version of 1bis comparilon has 
bem dnplic:ated in FigUle 2.10. Nace that ~ appears ID be IOIDe sysmmatic effect due 
1D tbe mio Fr,/R • Q..,/L,)'ll. Comctioo for 1bis effect is clilcussed in Section 2.3.3.3. 

2.3.3.1. Weakly DefJected Flows 

Fara weüly defleclDlljet in a crossflow, 111- a:otedme vaoc:ity, balf-wiclth and 
dilldico Idatiomhips deYelaped for tbe iDi1ial jet-He mixiDg n:gioo in a Slagnant 
CDYÍ1"0llmalt (Eqm. 2.17, 2.18, and 2.19) still ho1d for 1bis regime. However, tbe 
foDowiug penurbanoo is ia:laded to accouat for tbe downstream advection caused by tbe 
amsflow: 

"e• !!z. 
"· "" 

(2.26) 

Subltituting tbe cemerline'Ydocity giwn by E.qn. 2.li into 1bis apresmi and integrating 
gives tbe following ttajectury relatiomhip: 

i:. -,,(:.r (2.27) 

wbae t1 is a comrant wbich must be dele.rmiDed e:q,c:rimmlally. "Ibis the same 
dependency found far tbe weakly defJected rqiOD of a submeqed jet (Wright, 19n). lt 
is abo c:omistmt with ~ cimeosiooal amlysis discussed in SecliOII 2.3.1 and the data 
for abe initial pbue of llllface buoyantjets sbown in F"igme 2.10. 

For two dimensional flow, tbe ame crossflow pe:rturbllion is applied as for the 
3-ctimensionaJ cue F.qn. 2.26, but the rmtedine velocity e:xhibits tbe following 
relationship (Holley ami Jiña, 1986): -

•e• e,(:~) (2.28) 

Substituting tbis c:ealaline 'Vdocity definitioo into Eqn. 2.26 and integJating results in tbe 
followiug relationsbip: 
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(2.33) 

a jet hokls: 

b • b5:, (2.34) 

Jf we me the idamty C0Q. ac C.bi,h,u. ID dea:ribe tbe mus comervatioa, tben in tams 
of leugd1 sca1es tbe dilution s - CJC. is givm by: 

S •1,(6;) (2.35) 

For , .. ,fünensioo,J stroDgly deflected jets, a similar Jine impulse mode1 is used 
nulting in tbe foDowing relatiooslñp-

·"-eomr. r 
(2.36) 

wbae m' is tbe Jine impu1se per müt clepth of discbarge, m' • M'IB.. 'lben:íore, 
substimtiDg m,/u. and y/u_ U11D liqD. 2.36 u befme, tbe following ~Jarinnship is 
obtained: 

.l. - '6 (=-)111 
1. l • 

(2.37) 

'lbedilution is analogous to tbat oftbe 3-dimensioaal cue but uses tbe 2-dimensi.onal flux 
and Jmgth-sc:ale definitiom. Tbe dilution for a ltnlngly deflected 2-dimensional jet is 
tben: 

S•i_z_ 
' (IJ,,)111 

1be boriwntal baJf-width equation is similar to E'.qn. 2.18: 

b • b,:, 

(2.31) 

(2.39) 

1be abovc eqUIDOIIS on1y apply for jet-like tlows in tbe strongly ddlected region, 
i.e.: ~ L. < y < Ls.- Howewr, once buoyancy scarts to cleform tbe flow IDd 
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buoyaacy induc:ed spreadiDg becomes tbe clominlle mixiDg proceu in dñs ftllKlD, i.e.: 
wbm J > L. & Ls., tbe balf-widdl and diludm eqmsioas devdoped ia Secdoa 2.3.2.2 
far buoJacy driven lalml spreadiDg apply (Eqns. 2.23, 2.24, 111d 2.25). llowe,a-, tbe 
qecay w,Jllioaship remains tbe ame IS developed for a ltnlagly deflected jet (Eqn. 
2.33). 

2.3.3.3. c.omction far Tn,jeclorJ CGlls1aDl 

Wben baoylllcy-ioduced spnading causes die p1ume 1D dlin, tbe ftow will ad ID 
pencaa fm1ber Ül1D the aossflow. 1bis can be 111en by tbe systemadc effect of Pr.'/R 
0D tbetngeckiiia offreejets in Figure 2.10. To eslimaz dñs lrmd ofvariability, IIID· 

avaapd ~C011St1Dts wmeploaed agaimt Pr;/R IS shoWll in Pigme2.ll. Using 
egrellÍIID, a best-fit liDe was obtained tbat can be apprmimml by: 

t .. 2.Z1 (-1-)"' (2.48) 
PrlR 

1be miaimum trajectory coostant was tallm IS 1.6, tbe tbeoR':lical value for a 111111-

buoyat wall jet (Holley 111d Tuta, 1986). 

2,3.,,wan,Jeg 

As llOlm in Sec:tion 2.1.1, wall jets are coasidaed a special c:ue of wealdy 
cldlecllld ftee jets. Wben the mirror image of a waD jet is considei:ed, tbe ftow is 
identil:al ID tblt of a ftee jet issue in a coflow. Since tbe discbarge is issued in a cof1ow, 
bowever, no stmngly deflecled region emts IDd ay buoyancy ioduced spraidiDg can be 
considmd a far-field process. 

'l'berefole, tbe two possible regimes tbat emt in tbe near-field of a wall jet are 
analogoas ID tbe 3-dimensiooal ancl 2-dimensioDal wealdy deflected jet regimes. Using 
identical fonnulations as far tbe weüly deflected flee jets but including a minor image, 
tbe foDowing dilution relationsbip, are obtained for tbe 3-dimf-Jlsional 111d 2-climemioaal 

- cases, iapc:ctively: 

S • 87(:Q) 

s .. s.(ir 
21 

(2.41) 

(2.42) 
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wm2 :s¡ and s. are constants. Tbe horizontal balf-width retains a similar linear balf-width 
...J•óonsbjp for both the 3-dimcnsi.onal and 2-dimensional cases: 

b,. • b,_. ;e (2.43) 

wm2 b¡ and ha are constants. 

2 3 S Shon;line AttaclJed flows 

A qualliativc descripticm of shmeline atllCbed flows is givm in Scction 2.1.2. 
Sbordine lttachcd flows are typically strongly beat over with a rec:irc:uJation region 
betwem the jet-like struc:tute and tbe oear bank. 1bis is mi.lmed in Figure 2.S. 

Tbc bulle of the discbarged fluid follows a trajecfory similar to that of a he jet 
yet mluced in lateral penetrllicm into tbe crossflow. Very oftm, the flow is stroagly beat 
ow::r wzy near tbe discharge so no weakly cleflected region emts. Plots of shoreline 
llladlricl flow trajec:tories show that tbe same power laws developed for he jets apply 
to sblnline attacbed flows as shown in Figure 2.12. Note, that the literal progieSSion is 
■pprm:imaaely half of that found for he jets. Tbc lack of dlla for yfL. < 1 is due to 
the fact tbat this weakly deflecled regim is typically wzy smal1 and often nrgligible. ·1,s 
with he·jets, tbere seems to be some systematic effec:t dueto Fr,,'IR. 

Since the trajectories of sboreline atllCbed jets are an■logous to he jets, similar 
Uajeclmy relaticmsbips may be used far the 3-dimensional flows in the weakly deflected 
n:gion and strongly deflected region, respec:tively: 

.L • ,, (..!..)112 (2.44) 
L. L. 

.L ( % )J/S L •t,o-
• L. 

(2.45) 

wbe:re t, and t10 are constants which are approximalely balf of their he jet counterparts. 
For 2-dimcnsi.onal jets, relationships similar to tbose for he jets also apply for the 
weakly dctlected and strongly dcflccted regions, respectively: 
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• • • 
t, 

.x. 
- - 1.9 r., 

for L,, < 0.356 . r., (2.58) 

1cm et al. allo denloped • ftllltioasbip (ar tbe bulk dilulioa it tbe end ol tbe 
"in1enmdi11e regioa• wbicb is apprmimalely lDclled at x, • :x.- Tlr relatioosbip is 
lppRllld.-cl u: 

s, • G.ll I!f llS 
(xCa#I/J Lq L; 

(2.51) 

1cm etal. givc tbe typicll dq,Ch offlow in tbe upsueam iutrusian qion, h.. as: 

e 2 

1. -~ 

' 
(2.52) 

whcn Cm• 0.8. Sillce buoyaacy flux is caaa:rwd, g' • &.'IS. 'l'berdift. usiDg tbe 
above clefiDidon of dilutiao 111d wmiDg Bqn. 2.51 in 1S111S of Jmgdl IClles, .. is 
equivalmt 1D: 

1i • (0.405 c.~ 
• (tcC~ J L., 

(2.53) 

Tbe width of tbe plume bi, 1t tbe l0Ul'CC is preclicled u apprmimaly 2.6 mnes 
the length of lhe upsueam Ültnlliclll lcngth. Tbe width of tbe plmnc 11 tbe end of tbe 
near-fidd rqion is estimaled a appmximalely 4.0x_. 

6A,PO - 2.6.x • (2.54) 

b_, • 4.0.x. (2.55) 

By c:onlillaity, tbe wmcaJ. depdl of tbe plume lt tbe end of Ibis regioa Clll be compalecl 
as: 

b ... -~ 
b .. 
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(2.56) 

- , .. ~ 

e 

1 
1 

1 

-

• • • e 

If tbe depth at the discbarge is sblDow and tbe efflueat is cliscbarged with 
reascmbly lügb momentum and buoyllx:y, tbe flow may be UDlllble and filll va1ic:a1 
mixiDg may occur u sbown in Figure 2.(ib. BecaUle of reciJculation, dilutiam are 
n,ciuced: From dirneosimaJ "Dllysis, tbe dilulim of Ibis flow pallrm can be c:aac:luded 
IO be in tbe fo1lowm& form: 

B'f 
S• "u i:1.q 

wbere 1u must be eq,edmentally cletmDined. 

(2.57) 

RestralmcadoD wi11 geae:raDy occur in Ibis plume-lie flow just downsbeam of tbe 
point of discbarge. Tbe point of 1")1fJatifiráan wiD be usecl for tbe end of Ibis Jqime 
and tbe ~ of tbe far-fidd. 'Resttatifiratioo of tbe flow occurs at a clistance 
apprmimatdy Ho dawmtreamoftbediscbatge(Donekr:randTuka, 1990), thaefore x,= 
Ho- Tbe same balf-widlh, deplh, and upsmam inlrusion lmgth u used for tbe llable case 
apply to Ibis 1IIISllbJe ICgime. 

2.4. Far-ftelcl Flow Repne Aml;Jlis 

Tbe two far-field proccsaes tbat may occur are buoyant spreading foDowed by 
passive diffusim. Allhough buoylllt spradiDg may or may not occur dq,endiDg on lhe 
buoyanc:y and hydrodynamics of lhe flow, all clisc:harges, if 13km far enough 
downstram, areaffecled by ambient tmbulmce 111d tberefore become passively diffused. 
Tbe foDowing two sublectioos (Sectiam 2.4.1 and 2.4.2) describe the lheorelic:al 
developrneot of tbesc two proc:esses. 

2,4,1, Buqyant $J!medior Prorm 

For stroagly buoyant discbalges, lhe far-field may exhibit stroog lateral sprading 
and wmcal thinning. 'Ibis is similar IO tbe buoylllcy-driw:a spreadiDg proceu described 
in Section 2.3.2.2 for lhe D~fidd. llowewr, in tbe far-ficld there is DO net lareraJ 

- moverneot of tbe plume IDd lhe plume is adWlCICd downstteam with lhe ambient CUtTeDt 
11 a velocity U.· 

Tbe definition diagram IDd structme of a surwe buoyant sprading proc:ess in 
unstratified c:rossflow is sbown in F"~ 2.13. Tbe larerally spreadiDg flow behaves like 
a density c:um:nt and entnúns ambimt fluid in tbe •bead region• of the CUiia1t. Tbe 
mixing rate is usually relatively small. Furtbmnore, tbe flow may intena with a neart,y 
bank or shordine. Tbe flow depth may cleclase during this pbase. Tbe analysis of this 
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n:¡im js lllllo&ous to tbe arguments presented in Seclioo 2.3.2.2 far b·;~yancy-mduced 
. llpfllldiDg in tbe near-field. 

1be continuüy equatioa for die deosi.ty c:urrmt is: 

a,,,. él(w6,) 
•-+--•w •ar a, • 

(2.51) 

wbere w. is tbe net velocity across tbe interface and v(x,y) is die local tnmmne 
~- Combining tbe equation for tbe splaldiDg 'Ydoc:ity v. devdoped by Bcnjamin 
(Eqn.2.20) with Eqn. 2.58 and integrating lalerally over the deosi.ty cum:nt balf-widtb 
gives: 

" d(b,J,,) • f.(:%) 
• tb: 

(2.SJ) 

wbere q.(x) is tbe loc:ali7.ed bead entiainment ~ of die dominant mildng 
rnrdumisrn. 

1be loc:ali7.ed head entrainment of the deosi.ty c:um::nt is pmmetaúed as q.(x) • 
lv,IJ., whae .8 is a constant with a nmge of 0.15 to 0.25 (Simpson and Bialer, 1979; Tma 
and Ama, 1987). 

1be flow half-widtb ~ is obtained for any downstteam diSlance x by usiDg die 
boundary condition for tbe SIIeamline (v• • u.dbJctx) and integrating Eqn. 2.58. 

b, • [br + ~ ;Dr (% - ~r (2.60) 

~ X¡ is the downstream dislance at the beginning ofdle buoyant sp¡eading regiao, and 
bw is die initial density c:um::nt half-width. C0 is the coefficient of drag for tbe bead 
iqion of the flow and ranges from 0.5 to 2.0 (Doneker and Tu-ka, 1990). 1bis 2/3 power 
law of flow spreading is in agreement witb tbe previous work of Larsen and Scnmea 
(1968). 

1be vertical flow half-width by is given by integrating Eqn. 2.59 1D obtain: 

b,. • b• (::r1 
(2.Cil) 
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Due IO IIIWIII in tbe 11111d ngioa. lile llal CCIIIC • ·- ,:: ad mi buoju:y 
e' padallly cbange widl dillance x. Tbe bu1t dilllim S, pea bJ c./C. • equialeat 
ID tbe mio 1o'/1'. Since baoyac:y flux il couened, die idmdty "-l°bA • cmmnt 
Dy be combined with die milia1 con4i•i•II ID oblaia die foDowil& apessiaa 1br 
clilutim: 

s. ª•(!T CUZ) 

wllae S¡ is die milia1 dilutiaa. 

2,,,2, Pmive Ambicnt Piffil!im 

ne emtin& tm1JuJmce in die llllbieal eaatitmmt:d becoma die donúmlliDg 
mmng aecbmrism at mffic:iendy largeclmlllces mm 11-f- diwlwt¡epoilt. In geacnl. die 
pasiftly diflusiDg flow is grvwing in widdl 81111 in tllictnas <• Pigam 2.14). 
Fur11.elme, it may inlaact widl die dlule1 boallm wJ/cr ballb. 

'lbe 11111:,sis of this re¡icn follows c:luskal diffasion dleoly (q.: ·Fiacber et al., 
1979). 'lbe smdanl deYjatjoa '11 of a difl'usiJJc plume in cmaflow CID be wriQm in 
1mml of die transvme tmbulcat diffusivily E: • 

2 2Br 
ti • - (2.61) . "· 

in wmdl X is tbe clislaDce íoDowiDg die ambient flow widl tbe point meue 1oca!ed at X 

- 0. ne coeftic:imt of eddy diffusivity depeads CID die tmbaJence coadmoas • tbe 
enviroaaa1 IDd may be a function of diSllmce x (cr plume lize aJ. 

2.4.2.1. Diffusion in Bounded Cbamld F1ow 

ID open c:bannel flow tbe eddy diffasivity CID be relaled ID die fric:tioo velocity 
u. IDd tbe clwmel depth H 

Ez • 0.2.aft (2M) 

Cor w:ni&:al düfusivity, IDd 
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Figure 2.14 - Passiv• Aabient Diffuaion Process 
(fr011 Doneker and JirJta, 1990) 
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" " 
.B, • 0.&,JI (2.'5) 

far borimaJ diffusivity. 1be fricliaD velocity is giWlll by u. • (f/8)112u_ wbere f is abe 
~Weálllch frictian tiaor. DIie ID tome mbotxopy in a typical cbannel flow, abe 
diflaivity il abe borimalaJ mmwne diJectloa is usually Jarp:r drm lhe cliffusivity in 
die 'Wllicll directioa.. 1k c:oefficimb IDcluded in P.qns. 2.64 81111 2.65 are avc:rqe 
VU1111fmauoaably llllliform dllmleJs. 1be coefficients may beccmidenbly Jarp:r (up 
10 a flClar fll 2) for bipJy ncm-unffilrm cross .1ectioos and/or ltmDgly curved c:humels 
(see abo IWley and Tma,_ 1986). 

Salllia1 of Eqa. 2.63 wi1h diese diffiuivi1ies and with iDitial f1ow half-width 
Oi-DÑnlp!Cified at X¡ (.1eeFipm2.14) giws abe vatic:al thictness b,, and half-widlh 

~--1y: 

b• • [ d~-z,) + b:r (2.66) 

b • ["Ep-z~ + b2r 
' •• 11 

(2.67) 

wtme ir¡, 11,,¡. and bw are abe d.istaDce, Jalf-widdl, and depth of abe plume at tbP. begiooinc 
of 6e plllive diffusiClll region. 1be 11,ovP, deftoitinns ue n:lmd ID abe vatic:al IDll 
bolimotd IIIDdard deviatims by a Dctar of (,r/2)111: b,, .. (fll2)112a .. IIDd bi, • 
(fllZ)llla .. assumiog • equivalmt IDp-bat plume with suoe cmaliae CODCeDtmtion aod 
pcAJllntassflux. 

Applyiog tbe caatiouity eqUllioa 2u,,b.bi, • SQ. yields abe dilution: 

s. 2b), 

Ve 
(2.68) 

BcJllllld the cliSIIDce at wbich abe flow becomes fully mmd (b. • H), the dilution 
e:qmsiaD is: 

2.Bb, 
S•--

L,h 
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(2.8) 

• e • 

2.4.2.2. HorimJlal Diffusiaa in Ullbouaded Cbannel Flow 

Many emironmmal flan WÍlbDUt By lipifiamt Jimllarioo Oll lhe trllllSVene 
dimemion (c:oaslll water, mF JÜIII, ele.) ahibit ID l00elentin& turbulent diffusive 
powdt )llllem. Tbe barúmtd diffiamty ÍI oftm specified by lhe IO called •413 )n," 
(.lee Filctlc:r et al., 1979): 

~ • •(Ja,,t'l (2.71) 

in wbich cr is a c:oefficimt eqal 110 0.01 rm"'l/s (appropliaae for 1111111 piume mes) ad 
E, is Úl müts of [cnr/s] and ª• Íll (cm]. Iácaaliw .iflheapplicable difliJsion eqUllliaD 
wi1h tbis variable E, yields a sollllilllll far plmne gmwlh (Broob, 1960, and FilCbl:r et 
al., 1979): 

b6 •6¡,[1 +(~~r - ,,;;:¡,r (2.71) 

uiDg lhe p!eseat notatiaa ad Jalf-width C0IMlltiaa. E,i is lhe initial value of 
clüJusivity, IO from Eqll. 2. "10 al pamol1 X¡: 

E,,• 0.001Sb: (2.72) 

wi1h uBits of [m2/s] far E,. ad (m] b lbe inmal balf-width bi,¡. 1be dilution expressims 
are tbe IIIOe u before, pm by Erpas. 2.68 ami 2.69. 
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Ollpm-m 

PracnaStndme 

• 

'Dais c:llapeer pn,vides • amenl overview of die ltl'DClme of mRMIX:3. Sectim 
3.1 pa,,idea mme gaml ffllllJPeD1S lJII die Jan&ua&e and llnlCIDm al die s,- and 
Seclia 3.2 deails die separa eJemmts dllt mae up C8RMIX3. 

3.1 Gwnl C,¡ ctz wl »-rtplla 

CORMIX3 (Onell Mlmg Zooe Ezpert Syslem, Subsyslem J) is illlended ID be 
a IDal tD aid cleliga 11111 lllllysis of buoyat suñace dischuges. mRMIX3 is deaipc,d 
ID ¡niellle mera qaaJmtne "pictme• ofdle fJow tbiough Imple,.=• IÍl'UII oftlae fJow 
dlal....,im CQRMIX3 a1so snes qualiaalhe iau1ts iDdudiDg amaa1es of die ao. 
tu¡¡ocuy. dilutioa. widdi and clcpth. 

1'lae syllml ues • two prug11+1rning lan¡ua¡es: VP-Blpert 
Saftwae,lnc.) 11111 Formn. VP-Expen is lli apc:rt syllaD lbell 11111 is mee! ID cmmuct 
die bDr,ledge bue. VP-Expen is efficie+t in data coDectioa, Jocic pqramming, mi 
Ulm' lid. lt is used to c:dJect die input dala and c:1assify die fJow IC0llldiu¡ ID die 
clnsifica•m scbemedescribed inOlapta'IV. However, VP-Bzpertispoorinp---"---' 
mdl wtiral c-Jmlalioos, 11111 thezebe Ponran ia med ID pcdann die ~• 

die flow. Far a CIOlllpla clelCl'iptiw of apc:rt .,._ 11111 lop: 
prc,c1w1111ng •s applied to CORMIX Expen Systems, sce Daoebr 11111 Jilb (1990). 

3.2 Iatwledae 11w System Demenb 

Figure 3.1 shows tbe ownll structme ofCORMIX3. CORMIX3 is comprillld of 
me lmowledge bue elemcms: DATIN3, PARAM3, CLASS3, HYDll03, and SUM3. 
&ch of dlele eJements ~ described in mare detail in tbe followiag IUb-secliom. 'lbe 
FCllba hydrod.ynamic limuladoa is aa:esaed through tbe HYDR03 elemmt al is 
diacl-1 in IIIOle detall in Cbapter v. 

lnformatioli is pused from oneeJement ID tbe om by writingaD tbevllilblalllll 
1hl:ir mpectM vawes iD1D a 1m file c:aDed a •cache• file, whic:b u tben Ieud bJ tbe 
fdJowiug dement. 'lbele cache files, IS well IS tbe otber COmpoaellls of C0nox3, lle 

Sllndill srp,meDOS subdilec:tories 'lbe CORMDO progiam filedbectmies atelillled 
111111 mllC'ribed in Table 3.1. 
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VP-Expert 

OATIN3 
User Input 

VP-Expert 

PARAM3 
Porameter 
Computation 

VP-Expert 

CLASS3 
Flow 
Clossification 

VP-Expert Fortran 

HYOR03 
Prediction/Sinuationl 

Progrom 

VP-Expert 
SUM3 

Summary 
Evoluotion 
Recommendation 
(Legol/EngineerincJ) 

• • t, 

ASITE3 111 Iteration 
CONFIG3 4 AltematNes 
ZONES3U Corrections 1 

Figure 3.1 - OVerall Structure of COlOllX3 
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Dlrector7 

C:\anxl 

C:\cmx3\advice3 

C:\cmx3\bat3 

C:\cmx3\cacbe3 

C:\cmx3\data3 

C:'tcmx3\clesc3 

C:'lcmxl\kbsl 

C:"lanxl\pgms3 

C:'tcmx3\sim3 

,~-

• • 

Table 3.1 

CORMJX3 Pmpam File Direclories 

Q11111111111 

Syslan mat direámy. Colllaim VP-Eixped system 
files 1111d die bowJedge bue sySlelll drlw:r 
CORMIX3. 

COllllins aer-ra¡uesled advice files 

COllllins lllllcb files for prograin exec:utioa,, dala file 
manipidlliaa, and propam COIIII01. 

Stora cldle ·raa- files craled by bowledge base 
elements. 

COllllins amllDt files and otmr c:uo-specific dala 
files. 

Coalains desaipliolls of each flow c1ass. 

COllllins die em:ullble lmowled&e bue pmpams. 

CoalliDs aecutabk Fortran hydrodyaamic simulalico 
pn111D1111d odaec Fortran file manipularim 
propams. 

Stora hydrodyn1111ic: simulatioa IaUJt film. 

e • • • t, 

3 2,1 DA]]N3 

DATIN3 coUects an the input dala from the uscr. It is divided inlo three 
segments: ASITE3, CONFIG3, and ZONES3. 1be uscr is prompted for ooe piece of 
iDformation at a time and illsttuclioas for eatmin¡ tbe dala are pnmded widl each 
segmmt if requested by the usc:r. 

1be first qmmt, ASITE3, coUects general site and case idcntifier iDformatioa. 
It is in this segment that tbe use:r giws tbe present nm a DOS neme for whic:h an of tbe 
data files are sawd under. 'lbe lll00lld aegment, CONFIG3, collects the dala on the 
geommy and fJow cooctitions of tbe receiviug wam:r bocly and tbe disc:har¡e c:hamld. 'Ibis 
segmmt also m¡uha infomll!ion of the ma immediatdy surmundiDg the dbcharge 
out1et. 1be dc&ails of tbe ambia1t and clisclmge requiremm1s are cliscuued in Sectioll 
4.1. 1be fourth segment, ZONF.S3, allows for a legal mwng zone, toxic: dilution zme, 
and region of iDtl!lest to be specified. 

3.2.2.PARAM3 

The secood lmowledgebaseelement, PARAM3, catcuJates tite physicalpo,.-:tas 
necessary to c:Jassify the flow and perform the hydrodynamic sirnuJatioa 1beae 
pararneters and tbei.r definjtions •t:e Jisllld in Table 3.2. Note that if any of the pararneters 
are infinite, i.e.: L,. • 1awhm u.• O mis, tbepararneteris assigned a vatueof99999.9. 

The 1ength scales cak:uJated in thisdaneat are then used in the following element, 
CLASS3, to c:lassify tbe flow. For a clcsa:iption of tbe meaning of these Jeogth scales, 
see Soction 2.2. 

3.2.3. CLASS3 

The lmowl.edge base element CLASS3 classifies tbe flow acconling to the 
dischmge and ambient c:haJaclaistics wbich are rneasured by the lengtb scaJes caJcuJated 
in the previous elemenL A more detaiJed descriptioo of tbe classification scberne is given 
in Section 4.2. By expJoiting tbe logic pmgrarnrning strmgtbs of the expert sysrem sbell, 
this elanent can efficiently c:Jassify tbe flow into a particular flow c:tass. and in tbe 
process display tbe decisions for maJdug its conclusioo.. For a 1110JC detailed exp)amlion 
of the Jogic programming med, tbe reader is refem:d to Doneker and Tll'ka (1990). 

Once tbe fJow has been classified die usc:r may obtain a complete descriptioa of 
the flow class if so desircd. Tbese fJow c1ass descriptions can be found in Appendix A. 
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discharge CODclitiaDs. CORMDO nmgniRJS tbis possibility and w:r.aJcnJates t'1ectisdm¡e 
conditioos ü illttusioD cloes occur. 

4.2. :no,. ONlfflcatlcwt Sc:bmle 

In this aectioa, a grml descripdoa oftbe flolu cllPificatioa process is desc:ribed 
(Sec:tioa 4.2.1) IDd tben tbe raDomle bdlind tbe cJmHic:atioo c:mria is discuDed 
(Sec:tioa 4.2.2). 

4 2,1. Qcncral Dp¡¡;jptim ofQaai1kalim Srbc:ann 

Just u ambialt IDd diJclmge coaditions CID be higbly variable, IO can tbe 
resuJting fJow pattans. W'úb a wide varlety of fJows poail>Je, each wi1h vecy difñnnt 
chaiaclc:ristic it is necessary to cJassify tbe fJow in onler 110 clelamiDe tbe memod of 
simuJatioa. Fer cxamp]e, a DDD-buoyant abore-hugging plume wilJ Jme vecy diffamt 
mixing IDd dilutioa propertia tban wilJ a buoyant he jet discbaJgiDg iDID a SlapaDt 
eaviroameaL Therdme, to dassify tbe flow, masares of tbe dilchmge IDd ambimt 
c:onditiaas IDUlt be used. 

CORMIX3 uses length scaJes, ambient deplb. mcasmes, IDd tbe ctischatge ang1e 
to cJassify tbe flow. Figme 4.4 lbowa tbe CORMOO cJassificatioa ICbeme. 1'hil 
cJassiticati~ ICheme has been deriwd from tbe cJassification diagram fint proposed by 
Chu 81111 Tma (1986) shown in Figme 4.S. 

1be CORMIX3 classifiaitiQD 1111:heme is a treo-Jüe struclUre CODSistiDg of a sedes 
of critaia or decisions. Tbe decision criteria sbown in F"JIIR 4.4 mdicare tbal tbe criteria 
are measured apinst unity. In actuality, 1hey are meamred apinst tbeir mpecúve 
cñtmion constants (Cl, C2, de.) wbich are 0(1). For aample, Tbe cri1eria used to 
distinguish bolween jet-lm flows md plume-like flaws, l..c{I..,., is actually compued 
apinst tbe comtmt Cl, i.e.: l..c{I..,. < Cl for jet-Jm flows 811d ~ > Cl for pi~ 
Jm flows. 1be values for theae COllSlaDts are listed in Table 4.1. Tbe ratioaaJe for tbae 
c:riteria are clhcu.tsed in tbe next secdon, Sectioll 4.2.2. 

Tbe cJassificati'Xl of tbe fJow is designed 10 that it mates one decision at a time, 
outputs that clecision to tbe mer, md then proceeds to tbe ~ dec:isioa. As seea in 
Figure 4.4, up to five decisic:m may be requind to befOle a cJas,ific:atim of tbe flow is 
taehed. 'Ibe multixig flow clus thm givcs lbe user an ideaoftbe gmaaJ cbanclaislics 
of tbe flow. Far cxamp]e, ü tbe fJow is classified u an SA2, tben tbe flow is attacbed 
to tbe downstream bank and is initially fully verticalJy miud. A dea:t:iptioo of tbe four 
general fJow cJasses can be found in Scction 2.1. 
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4,2 2 QmifiAtipn CriJcria 

Sewn1 basir dusific:ation c:riteria mate ap die COltMDC3 flow dassificatian 
ICbemc <• pjgln 5.4). &ch of tbcle c:mma ami tbe ndouJe bebind dlem ~ 
dhc:mledbelow. 

4.2.2.l. Jct-&c vs. PJim.liJr:e (C1) 

'J1le fint decisi.cll to be made in tb- dlllffirdon nw is ID dclmmine wbedler 
tbe flaw cdlibils suoo¡er jet-&e characaistics or 111111e plume-JDr:e c:lmaclerislicL ne 
appallflÍlde pmmmr in dds c:ue is lbe ownl1 clt-eeie-dlic Froude mimber Fr,,' ir 
wbidl tlle equivl1mt ICllglh ale Jatio is~ Por~ > 0(1), tlle flow is bigbly 
~ wilb tbe iDitiaJ disdmge IDOiDliilbiiii beÍllg mcoadary, tbelán being 111GR 
plumo-1& 'J1le cimene is true for ~ < 0(1). 

N<llle tbat in ICIUllity, tbe ctassifiration ICbeme mea tbe mme of tbe Froude 
11umbeir, ~. ID mnam cmsistmt widl Chu 111d Júl:a'a clmificarim.ifiaglam, Pig1ft 
4.5. 

4.2.2.2. Czussftow 'VI. Coflow (C2) 

1bia c:merioo iclmlifies lbe f1ows wbicb llf; issaed near pm]]e1 to tbe bant or at 
a ctisc:large ang)e a smal1 mougb to c:ame Collllda auw:hrnent to tbe dowestream bant. 
For tbaie caa, tbe flow is cJassified u a wall jet. 

4.2.2.3. Upsaeam Intruding Plume vs. Sb01e-bugging Plume (C3) 

1bis am:rioa combines seYal1 effecls 11, delamme wbedw:r a plume-like flow 
wil1 iDáade aJoog lbe upstiam bank apimt tbe c:umnt. This c:riterion is given as: 

( 1 + c:aso ~ (L") (L,,)J "'C (4.1) 
L,, + '• Lq B,, 

The tenis (1 +cosa) and Yo llf; comc:tion tams to aa:ount for tbe clisc:llllge angle 111d 
any pmll'uSiaa oftbedisc:hmge clwmel imotbe~ wmr. Eirninaling ttiese factOII 
mluces tbe crilerion to tbat sbown in Figure 4.S. 

(~)½(~r-c (4.2) 
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Table4.1 

Flow ClassificaáOII Criteria 

Crtterloo Crltericm Soerc:e(J) or 
Constut C11111111D1s 

-
La~ Cl 

C1 • 1 A) From Chu and 

L,, 
Jim (1981) 
classificalioll 
diagnm (Fig. 4.5) 

talla > C2 C2 • 0.2 Davidson (1989) , 
< 8Dd Sharp and Vyas 

(1977) 

(l+e:osa~~•}~•r > C3 

C3 • 0.25 SeeA 

L.•Y. L,z H0 < 

(1 +cosa)...:!._ ~
11r > OI 

C4 • 0.25 SeeA 

L.•Y. H < 

L,, > es - 3.33 B) Criteria for 
7i < es maximum surfa= jet 

depth u per Chu 111d 
Jim (1981) 

L,, > C6 • 2.0 See B 
- < C6 Ho 

L,, > C7 • 0.42 Simple dimensiollal 
-<C7 analysia. 
L. 

,-~,~;ii\i',;,o➔(h0:"Wtllllll,il\)W.•~.!*".P. §41¡~ 
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Assumia& tbat tbe ai1e:rion constaJl1. C3, Rfiects tbe deplh dcpl'l,:feaey of'Lv'HD, Eqa. 
4.5 may be rewrittm u: 

(~). e ~ C•CQ.JB~ (4.3) 

Tbe physic:a1 slpffic:anc:e of i.. is differmt for buoyat llllfílce Jea tball far 
submelpd buoylllt jets. Por a buc,yant suñace jet, 4 is a lllfllllD of tbe apmam 
inlnlSiGD. lf 4 is ama11 JeJative to 1- ie.: I...14 > c. upsuam imrusiaa wm be 
negligible 11111 a ~huging plume rauJts. 0n tbe otber bad. ifbuoyancy is SIJal& 
m1 L,JL,, < e, upmam intrusim wm emt. 

4.2.2.4. Fn,e 1els vs. Shoreline Attacbed F1ows (04) 

11ñs criterion combines ICVCDl efíec:ls to distiDguish free jels from sbordine 
attadledjels, ud is givmu foUows: 

( 1 + caso )-;--3-- (Z.. )¾ • e 
L,, + Y. B) 

(4.4) 

As with lbe prcvicus c:riterioll, tbe terms (1 +cose,) and Yo ate canecdous addcd to tbe 
cri1erian proposed by Cbu 11111 Tirka (1986). WJ.thout tbe1e faáDrs tbe c:rltaiDn reduces 
ID: 

(¡:)¾ (;r. e (4.5) 

'Ibe same assumptioa rqarding tbe ratio of CI..IH) will be made u described far lbe 
upstream intrudillg plume vs. sbore-hugging plume criterion, tbat is. thccmaion CODStaDt 
C4 nflects tbe clepdl depeadeocy of l.y/H. /u DOied in Sectim 4.2.2.3, tbe ambimt 
depth H is calwalll'ICI accordin¡ to 1be Jocation of maximum clqllh. y_ • 3.89 ¡... 
'Iberdme, thc RSUldDg criterion reduces to: 

(~). e wllerr. C • CC.LJB) (4.15) 

L., is a measure of where tbe initial disclwge lllODlelltum becomes secondary ami tbe 
ambimt crossflow pn,dominales. If L. is small. i.e.: less tban thc clischarge leogCh ICllle 

. ~. then thc jet is very rapidly bent over and attachment to thc dowastR:am baDt will 
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Rllit. Qa thcother bad. if L.is very lmge, it wi1l tama mud1 pimrdmance forthc 
jet • belllllDe bmt ow:r 11111 it will Jemain free from lboRiine MIIC b....,.! 

'Die camllmts in theae lWO c:ritaia have been ckteimiuecl aapriclDy by 0w 11111 
Tnlallld caalain mme uüte1taiuty. However, u shown ID Fi¡me 4.S, tbey appear to 
pnlllidea ar- ddineadm for thc diffe:ra1t flow pat!rms. 

4.2.2.S. Deep vs. ShaDow (CS, C6) 

Jirb et al. (1981) found tbat tbe maximum depCII of a bmylllt surfacc jet is 
pn:p-f wJ ID tbe lmgth ICllle X..: 

b- ■ 0.30 L11 (4.7) 

If B • die ambicnt waier depth at tbe point of maximmn jet depCII. 1be ratio 4t/H can 
be wi+Pcl a n:lati\le meuum of lbe muimum jet depth as COllllllftld 1o tbe ambiall 
depdl. 

Far thc plume-lib flows ancl Wlll jels, lbe ambilllt depth H is cabn as lbe 
ambilllt 1M11:1' dq,d1 at tbe paÍllt of disc:barge, HD, lince lbe near-&dd is loc:mid in lbe 
vici1i1J af tbe clischarge or aloag tbe baDk. For free jels 1.11d sbomiae atllChed jets. thc 
ambirat di:pdl H is calculafled 1t tbc loca!ion of maTimam jet depth. Tma et al. (1981) 
.teA • t 'he 1ocation of mamurn jet clepdl to be propcX1iooal ID i..: 

y- ■ 3.89 LII (4.8) 

for .. -...i mvironrnr:nt. T'baefoie, for free jets md sboreliDC attadlcd jels, !be 
ambiml di:pdl is QJa,)alll'ICf at this poiDt. 

H • Me ( H., HD+y_.;,,B) (4.9) 

4.2.2.6. llommtum Dominated vs. Buoyancy DorniDaled (CT) 

Allllough lbe flow rnay odginally be delmmined 10 bejet-Jm. IJuoyancy rnay still 
play• lipificant role in tbe rnixing proc:ess near tbe disdmge. Far dais reason, it is 
iJ11par.-lD distinguish tbe flows for whicli buoyant sprading becames pn,dominant in 
tbe WIÜlJ ddleclll'ICf region from tbe Oows where it does not become important until tbe 
stmlgly clefleclecl IepOIL 

To disliDguisb these two types of Oows, the ratio 4tll. is emp)oyod. Lu 
meaaes die IDDsilion !fistanc:e where buoyant spreading becomes die predorninant flow 
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cbaracteriltic IDd the jet-induoed milin¡ becomes IDll!dary. L. meames tbe transition 
from the ...idy deflecled ffi1K1D., lhe 11ro11g1y ft!lion_ Tberefore, filr lt,/L. < 0(1), 
buoyant spreadiJlg occun in the weakly defJecled Jqion. Por lt,IL. > 0(1), jet-mixin¡ 
mtellds into lhe stroogly deflecled regian. 
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ClapterV 

Bydraclymmlc Simulatlon 

1bis c:llapClei" disames lhe llydrodynamic sirnuJarim 9f tbe flow. Secliaa 5.1 
describes tbe prolD0ols ulCld for die clifferent flow c:lasses. Sectioll 5.2 proyides die 
Idatiambips aed 110 atirnalle die diluti<lll, trajectory, width, md depth in lhe diffamt 
segmea1I of tbe sirnulatioa. 1be final secdoa, Sectioll 5.3, spccifies how tbe locadon of 
tbe transilion frorn ooe module to die um is detetrnined . 

.S.l. Flow Pratec:ols 

Tbe bydrodynamic simuJarioo is a Fortran program linml to tbe e:xpcrt sySlml 
tbrough die HYDR03 e:xpcrt sysrem elemmt. It coasists of a series of subroutines, each 
of wbicb describes a diffamt regioo of 1he flow. Eacb of !bese subroutines, acrrned 
"modules9, is \1Sed for a iegion of die flow for wbich a particu.1ar procesa or prcc, ss: s 
domínate. 1be lbrmmc:al deYdopmmt of tbe diffamt types of flows is delailed in 
Cbapler n. Table 5.1 lisis 1be diflm:at modules uecl in CORMIX3. 'I1lere are 17 
modules whidl faD into íour CllqOrie:s; Tbe weaJdy cleflected region, die stroogly 
deflecled regian, 1he upstrarn spmidiDg processes, IDd tbe t.tield processes. 1be 
followiJJg secdoa, Sectioll 5.2, desc:ñbea 1he relatiOOlhips nted for each module. 

A ·now protoco1• nms to die spec:üic senes ofrnodules a particular t1ow c1ass 
uses. Far ewnple, a flow dassificd u SA2 wilJ 111e Modules 301, 318, 328, 341, IDd 
351 sequmtially. Tables 5.2H 1ist the protoc:ols for cadl flow class. Note tbat Module 
301, tbe ctiscbarge module, is aáUaily 1he first rnodu1e for fM:l'Y flow simulatioo. It was 
exc:luded from Tables S.2a-d for tbe salle ofbrevity. Tbe transition between modules are 
detennined according ID specific "tmlSirim rules" cmcussed in Section 5.3. 

.S.2. i;¡lmplptiCJD Modales 

Tbe i:cJationsbips ulCld ID estimase the trajectory, dilution, width, and depth of the 
fl.ow in eacb module are clilc:ussed in 1he following subseclioas. Note tbat most of 1he 
modules use cantinuous rdatioosbips, tbat is, tbey describe tbe evoluti.on of a flow 
process aJoag ils trajeclmy. Howevcr, die two upstrarn spreading modules 111e a cont:ml 
volume approacb wbae Ollly tbe upmarn intrusiao lengtb, the width of the flow at die 
discbarge. and the final oooctitirm l!t tbe uansiti.on are cala!latNt 

Tbe inmal conditi.ons at lhe begimüng of each moduJe are subsc:riptcd witb •¡• 
wbilc the final CXJOditi.OIIS are subscriplod witb •r■• Each module pmlicts tbe trajectory 

~ 
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Table S.1 
Table 5.2a 

CORMIX3 Simulatioa Modules 
F1ow Protocols for Free Jets 

ModlltNo. Delcription - Disc:harge modll1e 

ftnr FlowZone Module Tnnsltion 
a..s No. Rule 

FIi Weakly ddlected jet. 3-D 311 12 
311 Weakly deflecllld jet, 3-D Wakly deflec:ted plume 313 15 

312 Weakly defleclaf jet. 2-D Stn>Dgly ddlected p1ume 323 24 

3D Weakly cleflecllld p1ume 
Buoyamsprading 341 41 

PassM ctiffusion 351 

314 Walljet, 3-D FJ2 Weakl.y dcflected jet. 3-D 311 13 

3JS Wall jet, 2-D Stn>Dgly deflec:ted jet. 3-D 321 22 

317 Weakly deflecled sbordine atlaCbed jet, 3-D 
Strongly deflec:ted plume 323 24 

Buoyantsprading 341 41 

318 Weakly deflecled sboreline atlaCbed jet, 2-D Passive ctiffusion 351 

321 Stroagly deflecled jet. 3-D 
FJ3 Wakly dcflected jet, 3-D 311 11 

Weakly dcflected jet, 2-D 312 14 

:m Stroagly deflecleCI jet, 2-D Wakly deflec:ted plume 313 15 

3Z3 Strongly deflecled plume Stroogly deflected plume 323 24 

m Strongly def1eclrlCl sbordine atlaCbed jet, 3-D 
Buoyam spreading 341 41 

Passive diffusion 351 

m Strongly·deflecleCI sbordiJJe atlaCbed jet, 2-D FI4 Weakly deflec:ted jet, 3-D 311 11 

329 Strongly deflecled sbordiDe atlaCbed plume 
Wealdy dcflected jet, 2-D or 312 10 

Strongly cleflecled jet, 3-D 321 21 
331 Upstreamspreating Stnmgly dcflected jet, 2-D 322 23 

m Upstream spreatiDg with uns&Bble teeiicu1ation Strongly dcflected plume, 3-D 323 24 

Buoyantspreading 341 41 
ltl Buoymt spreading Passive ctiffusion 351 

lSl Passive diffusiOD 

',....,.,,.,...,,..._..,_,_,_,......,.,,. • ..,.,~ """ "'" • "·" .,~-----'""'''·"" .. ••w ,.,,.,., . .,,,.,,,. "'''""'''""',,,.,,, .. ••~-• .. ><•·U, ''"·"0' ,,.,,,. o "'·' '"'"'' ,.,,,.,.,. ,,.,, ,, ,.,,,..,m, "·'""·"•·•"'~ 
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TlbJe5.2b 

FJow Prolocals ror wan Jets 

FIMr Flow7.aae Module 
CJall No. 

WJI Wall jet, 3-D 314 

Buoyantspreading 341 

Passive ctiffusion 351 

Wl2 wan jet, 3-D 314 

Walljet, 2-D 315 

Buoyantsprading 341 

Passive diffusion 351 

Table 5.2c 

Flow ProtocoJs for ~ Flows 

F1ow Flow Zoae Module 
a- No. 

SAi Wealdy deflected sbaldiDe attacbed jet, 3-D 317 

Strongly defJemd sboR1ine attacbed jet, 3-D 327 

Strongly defJemd sbace1ine attacbed plume 329 

Buoyant spreading 341 

Passive diffusion 351 

SA2 Wealdy deflected sbaldiDe attacbed jet, 2-D 318 

Stroagly deflecred sboreline attacbed jet, 2-D 328 

Strongly defJemd shareline anacbed plume 329 

Buoyantsprading 341 

Passive diffusion 351 

• 

Tnmsltilla 
ltule 

16 

41 

20 

17 

41 

Tnnsitioa 
ltaJe 

18 

2S 

27 

41 

19 

-
27 

41 

A ..,, • 

nnr 
a.. 
PLl 

PL2 

PI.3 

• • t, 

Table 5.2d 

Flow Protocols for Upstram lntruding Plumes 

F1ow7..me 
Module TramltloD 

No. .Rule 

Upsttcam intrusion 331 31 

Buoyant spreading 341 41 

Passive diffusion 351 

Upsttcam intrusion wüh m:in:ulation 332 31 

Buoyant spreading 341 41 

Passive diffusicll 351 

Buoyant spreading 341 41 

Passive diffusion 351 
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OOOldimre.i (x,y), 1he centatine CIOllCCDttmon and dilution (C and S), and half-width and 
deplb(at.andb~)-

Eacb of tbe ncar-tield modules me applied in a local (primee!) coordina sysu:m. 
Tbis mscs from tbe mumptioa on which the near field anal,-s are bued. tbat tbe 
di• N•D-J is a point som:ce (for 3-dimeosiooaJ flows) ar a liDe rm (for ,-dimensional 
flows). To 80COUllt far tbis. a 'Yirtual origin is assumed with coordinales (x.,,yJ. Tbe 
coavasion from tbe local coorcliJllte sysran to tbe global QJOtdiuate system is simply: 

(%.),) - (r,7~ + ~.) (5.l) 

Tbe pmition of tbe 'Yirtual soun:e is computed by lakmg tbe diJation at tbe md of tbe 
PJfflOIIS module 11111 back calculating tbe Jocation of tbe vitlual odgin usiDg die dilutioo 
equadaa. for the pracnt module. 1bis assmes continuity of cliluliGD and conceattatioa. 
Bowew:r, small discominuities in widdl aod deplh may occur. 

Discontinuities in widdl and depth are due to the diffenllt cfefinitioas used to 
dacribe the CODCeDlnlioa profiJe. For jet-like fJows, the CODCalttaion p¡ofileis Gaussian 
and tbe wklth and depth are defined to be whae tbt, COIICtllbation is lle (371') of tbe 
c.eDlaiiae concenttati.OD. Howewr, for flows where buoyancy-iDdllccd Jataal spreading 
dcmúDáS, tbe ooncentration ptOfile is assumed to be a top-bat pmfile, and in dlis cue 
tbe widdl and deplh clefinitions are simply clefined at the limits ofdle p¡ofile. FigUM 5.1 
dqJic:tl lbeae two widdl definiticm. 

For the pusive diffiuion region, the conc:entration profi1e is assumed to be 
Gaussiall apin, only tbe width and depth of the fJow is clefined at 461' of dio> Cll'AUetline 
vaJue, wbic:h is (ff/2)V. times tbe standard deviation. 'Ibis widdl cldinition WIS chosen SO 

1hat it matches the top-bat width definition of the buoyant spreading region while 
maiulailling the same centatine concentralion. 

5.2.1, Digham. ModuJe {MOD301} 

Tbe discharge module is tbe fiist module of evecy fJow c:lass p¡otocol. For ñee 
jets (flow c1asses FJl, m, m, and FJ4) and the 3-dimensional shoreline-altlcbed jet 
(flow c:lass SA 1) it c:onverts tbe unifonn vcJocity profile of the discbarge into a fuD 
gaussian vcJocity profi1e (see Fi~ S .2a). For these tlows, the final width 111d depth of 
the plume are calcuJated as: 
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b) Top-hat concent.ration profile 

Figure 5.1 - Gauasian anlt 'l'op-bat lfidt:Ja Definitiona 
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Figure s.2 - Discharge Velocity Profiles for a) 
Full Gaussian Discbarge and b) Wall jet 
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e • t, 

b_, • b., .. (2~r {5.2) 

For lbe :4imensiooal wall jet (flow class WJl), this module~ the dischaige 
w:iocity profile into a balf Gumiln profile (see Figure 5.2b). 

b_, • b., .. (~)½ 
For 1he mnaimng flows, tbe dqJlh and width ieJatioosbips are given simply as: 

b• 
b_,• 2 

b" • "• 

(5.3) 

(5.4) 

(5.5) 

No dilution is assumed to occur in tbis module, lbc:refore Sr • 1 and C, • C0 • Tbe final 
tngec:IOty coonlinat.es are assumed to be at tbe origin, (x,,y~ = (0,0). 

s,2,2, Wp]dy Deflectcd F1ow Modulr-, 

Table 5.3 lisis the relatiaasbips used in tbc wealdy deflected flow modules. Tbe 
1heorelical devdopment of thesc 11'llatiooships •~ presented in Section 2.3.3.1. Tbey use 
die local c:oordinate systrm for tbe sake of darity. All but tbc wall jet relationships wae 
deYeloped for the two asymptotic cases al a • 90° and a • Oº, wlúch are applied to 
cliscbaqes with a~ 45º and a < 45° mpectively. Tbe c:onstanlS (T,u, ~11, etc.) 
wuespond to the constants used in tbeo1áical developmeut found in CbapCer n. Tbe 
'lla1ues of these constants are listed in Table 5. 7. 

Modules 311, 312, 314, 315, 317, and 318 ali use jet mixing proc:esses, tbcrefore 
1he width and dcpth ~mensianal cases only) re1ationsbips are bued on a Gaussian 
pn,filc definitions. Module 313 iocotpotalt:S buoyancy-induced spreading and tbcrefore 
die width and depth dcfinitions are based on a top-hat profile . 

S.2,3, Strongly Peflcctr,,d F1ow Modules 

Table 5.4 lists tbe reJatinnships usad in tbc strongly deflc,cted tlow modules. Tbe 
1bcorctic:al dcvelopmcnt oflhesc rdaliODSbips arepresented in Section 2.3.3.2. They use 
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Table 5.3 

FJow ReJationsbips for Wealdy Defiected Regico 

-

Modales Flow Relationsbips 

311 o ~ .-S-: r . ,'coto + 1-&31T 
1tuL. 

(5.6) 

s - S,11.:L_ (5.7) 
Lq sino 

b1 .. BHm+, 
amo (5.8) 

I 

b • BY.311~ (5.9) ,, amo 

a < .-S- ,cA 
y1 

• rtu.o - --tima (5.10) 
r,uL. 

s . s,11 "' (5.11) 
Lq coso 

"' b• .. BH,u-- (5.12) ceso 

"' b,, • BV,11-- (5.13) cesa 
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Table 5.'(CCIIIL) 

PI09' 'Relericw!rips .-Wlllcly D6ded Rasioa 

Module .......... .... 
312 • :a, 45": ! ' &3tr :ti • r cato + •ª• 7'2 

Tmt,:'-

3.s,12,,,. 
l'¡1 ,mlfl.o 

/ 6 
b6 •BHm!o,¿ 

6,, •Mm CH. ,B0 •1me) 

o< 45": ,, arllo lino ,1f liDo , 
- --z 

T,u,:2 cao 

1 

:S• S,12 z'2 6,, 
~-'106,. 

:ti 
66 • aB,u;;;¡; 

b,, - Mm (B •• Bo ., .. e) 

"For Module 318 die - havo t11e ..i.:.ipt 318 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

(S.18) 

(5.19) 

(S.20) 

(S.21) 

.jl\il§f-h 4\44
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Talila 5.J(amt.) 

Plow RelelionelPips tir W..t:17 DeGeclld. ... 

..... . .._ ...... 21¡ 

so o :i:459: r•1'oato. 1- es~ 
r..,1.., 

s. s,(::r CS.23> 

b sb •( BB,u f' f,9-,fr (5.24) 

• ., OC,,.J-L,, "'1!110 

b, • b,. (b.,l.!) (5.25) 

... s, 

o <"59: ~ 
1' • rtmlo - •• CS.26> r..,z.. 

s • s,(:J CS.%7) 

b •b •( BBm f' (x--~ (5.21) 

1 11 r,c,,.,.,-L11 -'110 

••• b,. (b.,l.!) CS.29) 
b1 81 

~ .. ,M,. \i\!f_\:, ~ . (, 1¾'44..llfye! - ,., P! il! ,,4 4 ª·"'~· ~!1111!1!'/P, fJ ,_ \$./ .,% ,M{~lH l?,!J. k?.,;a.,.. ;qe,,., 

®'.",.;.,.;;--"""~'" e -:-·- • • e 

J 
1 

l 

LW J. IJ,, M_ ,; ME.l\,:P.&J,. n -,,,Q\Gtt,JW.N 

Module 

314 

315 

..,,...,,., -

Table S.3(coot.) 

Flow Rdationships for Wealdy Detlccted Region 

Flow Relationsblps 

z' S .. s,14 cos'flo - (5.30) 
LQ 

b" • BH314 x1 (5.31) 

b,. • BY314 x1 (5.32) 

(
c:cs0 )1f1. l s -s,1, T "'2 (5.33) 

b" • BH,15 z' (5.34) 

b,. - HD (5.35) 
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Table 5.4 Tibie 5.4(0011t.) 

Flow Relationsbips far Stroo¡ly DeOected Repa 

1 
Flow ReJetionsbips f;,r Stroagly Deflecllld Rrgioa 

Maclnlel F1ow Relatlomblps 1 l~I Dow~elad! ........ 

321 1 1 
1 ,! l l 

,! l l 1' • Tm z.! IÍllla z1l (5.44) , - - (5.36) 1' • Tm Z.:. IÍll'a z" 

1 1 1 

s .. Sm..L (5.37) 1 1 1 
s _ s, (::r (5.45) 

L,.Lq 

1 1 1 

( 
B1l. )2 2 

1 
b1 • b., + (2CN';L,,, 

3 
(r'2 - z,,l (5.46) 

b¡ •BB121 ,' (5.38) - 1 1 

] 
b., • BYm 1' (5.39) 

J b - b (b.,l.!) (5.47) 
" "' b1 S1 

-

322 ! l 1 

&.328" 2 - - (5.40) 3TI y' • Tm 1. 1Íll20 z'2 ,! 1 l 

11 
• T327 z.! 1Íll1a z'1 (5.48) 

s ~b") • Sm~J.)'12 b111 
(5.41) .: S • S Ó;(b'+y) 

mL,.L. 2b, (5.49) 

1 

b, • BHmT (5.42) 1 b, • BB127 y' 
(5.50) 

-
(5.43) 

1 FÓr Mo3i& 329 the OODSlaDts bave a sÍÍbscript 329 añci díe diiííilmí u mÜÍttplied by aJ 
...LISh-1 ~,.,.__ ,,.._,& 11.. ..L.v\l'».. ,yan 

1 

• .. 
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ttie 1oca1 coordiDate IJllrm for die me or dlllity. 'lbae marionsbips ue not c!ependmt 
on die iamal horimJlll diJchaJge angle lince lbese 8ows are beat over in die IUOOgly 
detlec:led regimes. Tbe vma of die cms11111s me lilted m Table s. 1. 

Modules 321, 322, 3'1:1, ad 328all aejctmilin¡ prncm s, "bemore die widtb 
and deplb rdatioosmps (;wtirnrnsimlJ caa oaly) are bued aa a Gaussiaa profiJe. 
Modules 323 and 329 incorpodle buoyamspradillc IDd thelefcR use die rop-bat profile. 

S.2,4, JJAWeam luJn,cting Yoclulc, 

Table 5.5 lists die relarioosbips usecl in die upslmlm intruding flow modules. Tbe 
theorm::al development of tbe:se relatioasbips is piaemed in SectioD 2.3.6. Theae 
Jdafic:mhips 11se a 0011ln>l vo1ume ll{JPnaCh. dlaefon:. oaly tbe inmal IDd final valuc:s 
are COlllpWJd. The drag cocflicimls usecl in lbese rdatiomhips ue liSled in Table 5. 7. 
Tbe widtb and deptb at tbe mi of tbis module are defined accontiDg 10 a top-bat 
C"'M"lttJatio profile. 

s,2,s fv-fi,eJ4 ModuJcs 

Table 5.6 lists tbe re1atioosbips used in die far-fidd modula. Tbe 1heoretic:al 
devdopment of these tdatioosbips ue pmemed in SectioD 2.4. Since lbese modules do 
not UJC a wtual origin, the relationships me eq,Rllled in 1be global coordmales. Tbe 
c:entertiae trajectmy is a J1rajght liDe widl 11D lalmal pn,greaioo. However, if tbe plume 
imaac:ls with a bank, die cen1e:dine sbifn owr 10111at banlt md die lple8diJlg proc:ea is 
limited to one frontal zme. The drag ooeffil ims nted in the widlh exptessiuu. ~ lisled 
in Table 5. 7. 

5.3. Tnmldon Rules 

Tnnsition rules define tbe emnt of each module. Tbe 1ocation of tbe traDsition 
flom one module 10 tbe next dqlends m bodl die cum:nt module and die 11JCXW:ding 
module. Table 5.8 lists tbe IIllDSition rules med in CORMIX3 and the modules for wbic:h 

- tbey apply. The constan1s for tbe tnnsition rules ue lilted in Table 5.9. &cept for some 
possible discontinuities in widtb and depdl. tbe traasitim from one module 10 tbe nm is 
genaally a smooth ooe. 

Some of the tnnsition rules use tbe primed coonfinatesysran wbile others use tbe 
global coordinate sysran. lt is possible dllt tbe location of tbe ttansilion as delennined 
by tbe tnmsition rule may ahcady be mieeded, dllt is, the Slat1ing point of die module 
is farther downstteam 1hln tbe eoding poiDt for lhat module. 'Ibis means tbe flow process 
described by that module is insignificant and dlm:fce the module is mppod. 
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Tabk:S.S 

Flow Relationship: for Upstrcam IntrudiDg Modules 

Modnle 1!1ow B..a.,11.,c1,1p 

331 
( 

L )·:119 b L 
z. " 4.2 L1 L: + ; 

; ....!.~2.81 (5.52) 
L,, 

b L 
z • 1.9 + ...! ; ....!. >2.81 (5.53) 
• 2 L,, 

S = 0.81 J!/l i:5 (5.54) 
(ttCDll"l'5 LQ 

b1• 4.0z• (5.55) 

b-.,• Q; 
bllf•• 

(5.56) 

332 
S-SuzB'f (5.57) 

i't:LQ 

(The remaining equations ue the same as for Module 331 shown 
al:Kwc) 

'!'!ll -4 ::p ) @I~ 

f.'IIMJ¼ W.AIP,9!.•'..;·•~~ . ..>. ,m;; n
4 1

;u:; ;µ _;.;,.,., unu,iq¡t,Riii,',ltttf, ,,;;.. 
4
u;;e:Ls:P.!!$, ;pffe.L.M~-.orn;; "''' , 
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Table5.6 

FJow 'Relationsbips rar·F•field ProcaRs 

Modlle J11ow Relatlol.a ip 

341 

(b')' S•S, b,,, 

(
b )J-l 

b. • b,, b: 

ü not bank attached: 

b, • [b:,2 + ; 1 1/1 L.~ - ~r 
(2CINI) 

ü bank aaached: 

b, • [ b:'2 + 3 1 (21.,)~z - ~r 
2 (2Codlf1 

(5.58) 

(S.S9) 

(S.60) 

(S.61) 

J 
J 

1 
.J 

1 

1 

1 

e 

Table 5.6(coat.) 

Flow Rdaliomhips for Far-field Processes 

Module F1ow R•latio•mfp 

332 b., • [ E:. ( x-x1 ) + b!if
2 

(S.62) 

ü section is unbounded: 

b • b [ 1 + 1tE,,.,(x-x1) f'2 
ll ll1 3u_i>t 

(S.63) 

ü section is bounded: 

[ 
E,x 2r b, ., ~( z-z1) + b111 (S.64) 

if not atw:hed to bank: 

s. 2bJJ, (S.65) 
L.).q 

if bank attached: 

S" bJJ, (5.66) 
L.,LQ 
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Coefflcieat(s) 

T,11 ,T3u,Tm, 
Tm,Tm 

S,11,S,1.SS11 

BH,11.BV,11.BH,14, 
BV,14.BH,11.BV,11 

T,12 

S,12,S,11 

BH,12,BB,is.BHm 

BH,u.BHm.BHm 

S,u 

T,n,Tm,Tna,Tu, 

T,11 

S,21,Sm-Sm.sm 

BH321,BVm,BHm, 
BH327,BV327,BHm 

Sm 

Tlble5.7 

Hydrodynamic Simulaliall CoalllDb 

Valae Saarce(s) or CcwW'idlll 

1.6 A) Adapted form Tub et al. (1981), and Chu 
IDCI 1irka (1986) 

0.13 B) Adapted from Wñ¡bt (1977), Fischer et al. 
(1979), List (1982), Bolley and 1irka (1986), 
IDCI Lee et al. (1987) 

0.11 SeeB 

2.7 C) Alm (1990) 

0.58 SeeC 

0.14 SeeC 

0.031 From near-fidd buoyaJlt spreading analysis 
(Soctioa 2.3.2.2) 

0.41 Adaptec1 from Holley lDCI Tub. (1916) 

0.8 D) From sbmeline atllChed flow lngeCtOry 
analysis (Section 2.3.5) 

1.9 SeeD 

0.15 SeeB 

0.30 SeeB 

0.9 E) Iones et al. (1982), and Chu IJMI 1irka 
(1981) 

e 

Coeffldem(s) 

C»1, 

Cm1 

CD» 

½>41 

fl 

TlbJe 5.7(coat.) 

Hydrodynamic Simulatioa Coasrmls 

Valae Soarce(t) _. C. lll!ldS 

0.5 SeeE 

0.8 SeeE 

0.9 SeeE 

2.0 F) Simpsan (1982), 1Dd 1im and Arita (1987) 

0.25 SeeF 
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• 
t'!, 

m· Currmt Nat 
Module Module 

11 311 312 

10 312 322 
13 311 321 
15 313 323 
18 317 327 
19 318 328 

12 311 313 
14 312 313 

16 314 341 
17 315 341 

20 314 315 

21 321 322 

u,. - 1tansúlon J.<)-. 

• 

Table5.8 

Transilioa RuJea 

Equatloa-

b-•B.¡. 
1 B,lflaa ,,---

•v,11 

b·- - BD..-yllid!r. 

1 BD-(BY,11/sina>.,,. 
11 • (BY,u/silla)-tSin& -y,. 

a :t4S-: ,; - re,_¡.. 

a<4S: z; • TC_.L. 

a :a:45: 1;•n;..,.La,siD.a 

a<45: Z: • n;.,..yosa 

z; - n;..z.., 

' BD x,--
BY,14 

b • H: ' B. ,,---·- . BYm 
-

. B0 .-y.¡dn8 
b -=Ho+sm8: Yt = sine BY. 
- + 321 

• 

.. For lnDSition rule coostants Te,.,., xx stands for thc lnDSition ru1c (I'R) 

- - ~.· ~;¡.¡,;., AC,,W,.Al(QJ.0,U,li). SfP(}t:¡;;$i\,i,.Mf,h/41$(,4,,.4bA@t4(($,% Ai 3$1 -~ 

• 
f) 

Cuneat TRº 
Module 

22 321 
23 322 
25 327 

24 323 

26 328 

27 329 

31 331 
332 

Nat 
ModDle 

323 
323 

·329 

341 

341 

341 

341 
341 

• 

Table 5.l(caat.) 

Tnnsition Rules 

t, 

l'qaadaa-

~- ri;_z,, 

~ - :n;,.,.z.., 

11. 
Xt • O , 556 + 1 , 7 (l.,/ SS) 

~ • r<;_Lo 

r.r • .! b.., 
2 -

• 

41 341 351 
e ♦ ~2Co,1)½f( 81.J,. )L1}b,i z, z, 3 I, fL.Lr}, 

º TR = Transition Rule 
.. For transition rule oonstants TC3u, xx stands for the transition n11e (TR) 

i$f ,e;;,. M'f*'fh ,\l¡I.DQf .f,i*f.\M ata (LJ.¾F 9W# m;p1 ¡,J;¡p it,. ,.;; ,.¾;;,a,;,a, 4 
mt.,,;s ,p , ® ~,.•w. ,.uu, r nm 
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TR COIIStlUID vaiae 

TC,UA, TC,14A• 3.8 
TC, ... TC,n, 
TC,22, ~ 

TC,m, Tc,1411 2.7 

TC,uiu Tc,ISA 2.0 

TC,ua, Tc,ua, 1.0 
Tc,LSC, Tc,¡u., 
TC,¡a, Tc,19A• 
Tc,¡,a 

TC,,. 3.0 

TC,2.1 1.9 

TC,21 s.o 

• 

Table5.9 

Saurce(J)orC-:u-

A) Crileria fot ma,ümom surface jet depdl IS 

pcr Tu:b. et 11. (1981) 

SeeA 

B) From Cm ad rma (1986) trajectory data 
analysis (F"igure 2.10) 

SeeB 

MiDimmn pendXaDOII into cballne1 IS pcr Akar 
(1990) 

FIOIDID lllllysis of sbordiDe aaaced flow 
tnjectorics (SeclioD 2.3.5) 

Wm aaw :bment c:mria IS per r>ooem llDd 
Tub(l990) 

e 

J 

1 

1 

• • 

ClapterVI 

S:,stem Verifk:atlGD 

• t, 

In dlis sec:tiOJ1 CORMIX3 n:sults are campued witb vuious Jabontory 
ape,iments llDd field stucties. It is not intended IS a compreheosive validadon of 
CORMIX3 with all available data, but ratber a test of tbe mme c:ommon flow cJass 
simulatioas. 'lbese comparisaas illustrafe. tbe 11emility of CORMIX3 to provide 
JallClllllble predictions for various prevalcnt flow coafigmanoas. 

CORMOO consick:rs many possible flow configuratiom. Unf'onlmately, Sbldies 
on buoyant surfacejets are very limited llDd labaratory experiments of many of the flow 
c:bmes do not exist in a form Jending tbemselves to quantitative comparisoas For the 
DKR basic flow configumions, sample cases bave been cbosen wbicb typify the 
CORMIX3 pn:dictive capabilities. 

'Ibis c:hapler consists of lWO sec:ticas. Soc:tioo 6.1 discusses leYetll comparisoos 
betMen Jaborarory experimems and CORMIX3 predjclions. SecóoD 6.2 provides 
oomparisoas between tbree field ~ and lhe com:sponcliDg CORMIX3 predidims. 

6.1. Cclmparison with Laboratory Data 

Tbe comlatiOJ1 of CORMIX3 predictioos aacl laboratmy expe:riments is dmded 
iDlo two subsections. The first subsection, Sectioa 6.1.1, provides n:sults of buoyant 
suñace jet e:xperiments in stag11a11t cnviroaments. ne IIICODd subseclion, Section 6.1.2, 
dilcaslcs the results of buoyant surface cliscbarges into ambimt crossflows. 

6.1 1, Piasbam intp Sta¡nant Enyjmnmmts 

CORMIX3 predictioas of SlagJlallt cases are compued with experiments nm by 
Wolanü:i and Koh (1973) and Hayasbi and Shuto (1967). Tbe expe:riments of Wolanski 
ad JCall illustrale tbe effect of buoylDcy CID lhe lalaal spreading of a surface jet in tbe 

_ near-fiekl. Tbe Hayashi and Shuto experiment furtber emnplifies the predictability of tbe 
near-fiekl flow and tbe uncteadineu of tbe regioo beyood tbe near-fidd. 

Tbe two tests by Wolanski and Kob depictcd in Figures 6. la and 6.lb cliffer only 
in tbc buoyancy of tbe discbarge. Figme 6. la Jbows a non-buoyant di3Cbarge wm1e 
Fl&lR 6.lb is for a surfaccjet witb a densily significantly less dlan the ambient waler. 
lt is obvious from these two expcriments tbat buoyancy gfflltly incnmes thc lalaal 
spreading of tbe jet. Note tbe noo-buoyant jet spreads at a relatively coostant and wak 
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nre while the buoyant jet spreads at a much largcr DOD-linear tate. In both c:ues. 
C:ORMIX3 preclicts the width of the jet well. 

Figure 6.2 shows ceatertiDe tempetatlire measuemeats of tbe buoyant surface jet 
ezperiment by Wolansti ami Kob. Noee the Jaqe milial clilutioa near the soun:e. 1bis is 
aaributed to tbe IelatiYely Jarge jet-lllhiD& near the clischarge. Pmtber from tbe soun:e. 
tbe tate of mwng clecn:ucs u the buoyant force suppresses the vertical mixing. Tlae 
is good agreement betwem tbe CORMIX3 precliclion and tbe observed centerline 
~-

'Ibe.c:omparison to Hayasbi and SbDID's experimcat sbown in Figme 6.3 illusttall:S 
lbe effect of the buoyancy-mduced spreading in tbe nar-fidd llld provides support far 
pndictive capabilities of CORMIX3 for Ibis type of flow. Noee that up to the transition 
dislaDc:e y,, a steady-state jet is formed. However, beyaad Ibis trmsition distancc an 
umteady buoyant pool of effluent is formed that ccntinually spreads outward. CORMIX3 
pmlicts the 1atc:ral spreading in the near-fidd case well, but does not deal with tbe 
umleady far-field of tbe flow. 

6,J.2. Buoyant Surfacr Pisrba:a,: intp a Cnmflow 

Comparisons of CORMIX3 pn,dictioas with laboramry experimcnts of surface 
baoyant jets in a crossflow will be divided accordiDg to tluce of the flow categories: me 
jels, sholeline attached jets, and upsttam intruding plumes.. 

6.1.2.1. Free Jet Comparisaos 

Free jet c:omparisons are made with data from two inwsligators: 'Ibe Delft 
Hydraulics Laboratory (1983) and Motz llld Benedict (1970). Tbe two De1ft eq,erimenls 
iDustrate the differeoce in flow lrajectories and dilutiom if the velocity ratio is upt 
comtant and the discharge tem¡,emure is varied. 0n tbe Olher band, tbe Motz and 
Bmedict experiments both bave the same clischargt: 1t:mpetatwe but bave diffeimt 
ducharge velocities. 

Figures 6.4a and 6.4b show the surface isolherms oftbe two experiments run at 
the Delft Hydraulics Laboratory. For both tbe e:xperiments, tbe veloc:ity ratio was 
maintained at 10. The eq,eriment depicted in Figure 6.4a bad a bigber dischargc 
1mlpenlture tban tbe aperlment in Figute 6.4b and, u a rcsult, peneuates sligbtly fuither 
ÍDID the ambient current duc to increased tbinning of the plume. 

In both cases, CORMIX3 slightly~ tbepcoetration into tbe crossflow. 
1bis may be causcd by not accounting for the velocity profile of the ambient flow 
pn,perly. Because of tbe n<Hlip 00lldition at 1he basin wall, tbe ambicnt flow velocity 
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Figure 6.2 - Centerline temperatura measurements for 
the buoyant aurface discharge experiment by Wolanki 

and Koh (1973) shown in Figure 6.lb 
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Figure 6.4a - Collparison betveen CORlllXJ predictions 
and a surface buoyant fr- jet experiaent (fr0111 

tbe Delft Hydraulics Laboratory, 1983) 
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Figure 6.4b - Comparison between CORKIXJ predictions 
anda surface buoyant fr- jet experiment (fr0111 

tbe Delft Hydraulics Laboratory, 1983) 
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ncm tbe Wlll may be significandy lower thaa die average ambient flow velocity. In 
additioo, tbe widlh predidiom near tbe 1DU1tC 1md to be too low. lloweYer, Ibis mor 
becomes much less furtber fnlm lhe somce. 

Figuia 6.5a and 6.5b ...,_, tbe c:mlC:l'liD.:, lewpeildlüe ~ for tbe two 
Delft mperiments. Note 11111 die Clq)Climeat wilh tbe higber clisclm¡e buoyancy sbown 
in Figure 6.Sa has sliglldy lawer dilution wbich may be lllribtal to incleaed 
suppression of tbe vatical mime camed by tbe JaJ¡er buoyancy forte. 1be slight e8iec:t 
of increued buoyancy m boda tlajec:IDly and clilution is refJec:md m lbe CORMDO 
predictions wlúch, for boda ~ sllow IIUOll&bly good a¡recmmt. 

FiglR 6.6 show tbe msmed ceatedine tlajectmies for tbe lfatz and Benedict 
~ Figura 6. 7a mi 6. 7b depict tbe conr.sponc:lmg w•vtioe 1empe111me 
measuremems. Thele two aperimaa we:re nm wilh tbe same inilial lewpeillliie 
cliffaence, but wilh diffaeat dilCbarge velocities. As expected, tbe flow wilh lhe bigber 
dilcbaJge velocity penetlales ad! far1lier iDIO tbe ambient crossflow. CORMIX3 shows 
good agreemmt wilh boch tbe tajectoly md tanperaWre dala. 

6.1.2.2. Sboleline Attacbed JCl Comparilllas 

C0RMIX3 predictioas fil lholetine úlachrd jets are compared .uh ex:perimmls 
run by the Delft Hydraulics Lallmalory (1983) and Abdelwahed IDd Clm (1981). The two 
experiments by tbe Delft H,mawics LabomlOry illustrate tbe áfec:t of varyiD& die 
ambient veloci.ty wbile mpiDg die clilcllarge velocity and buoyancy CCIIIIIIDl. The two 
Abdelwahed and Cbu resalts 11e f'rom aperimeats for wbich leVe:ral flow parammn 
werevaried. 

Figurea 6.8a md 6.8b sbow tbe surface isotherms of tbe two Ddft aperimems. 
Note lhe significant effect m die tnjl,ctory of tbe plumes camed by inc:reasing tbe 
velocity ratio. The discbarge wid! a bigm veloci.ty ratio sbown in Figure 6.8a ~ 
furtber into tbe crossftow, :,et lellins a mie of ter.:irculatiOG aloag tbe llbole in tbe 111:11'­

field. The CORMIX3 pmlidiaas for Ibis experiment compues quile well wilh tbe 
experimental telUlts. 1be CORMIX3 tnjectory predidion for tbeexperimmt with a lower 
vdocity ratio sbown in Figure 6.lb ovapredic:ts tbe 1ataal peneuatioa ao tbe c:rossflow. 
However, tbe lateral peneualioa is witbin approximately 30" of tbe meaured tlajedllry 
wbich is reasonable c:onsidaiDg tbe complexity of lhe flow and tbe JaDF of experimmtll 
error. 

Figwes 6.9a IDd 6.9b show tbe c:mterlioe temperatwe measmemeuts IDd tbe 
correspondiDg C0RMOO prodictions. Again discrepanc:ies betwem tbe CORMDO 
predictions IDd tbe measured Yalues are acceptable for such complic:alell ·flows. 
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Figure 6,5 - Center1ine taaperature aea•ur-enta and 
tbe correaponding CORMIX3 prediction• for the De1ft 

rree jet experimenta in FiCJUre 6,4 (rroa the 
oeirt Bydrau1ics Laboratory, 1983) 
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Figura 6.6 - Measured free jet trajec:tori- and the 
correspondinc¡ CORMIX3 predictiona (fraa IIOtZ 

end Benedict, 1970) 
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Figures 6.10a IDII 6.1«1> preseot the 'Viaal oudine of the Abcldwlhed IDII Clm • 
es¡es hWi ts. Tbese expeórneats htve cliffamt dilchlqe 'VeJoc::ities, iaitial buoyancy. IIICl 
---c:urrent velocilies. Allbougb theillllncdaD behvcen diese pa11.._,.. u CDlllpla, 
ca- ffllfionsbip CID be oblerved. 1be 111D widl the Jower Froude Jl1llllber lbown in 
FÍlllll'I 6.10a bas a laqer width due ID the increued laJm1 llpnlllillg. Nolle tbat 
CUtNIX3 atisfaáorily pmlk:ts the 1r1Jec1DrJ IDII widdl of thele 8ows. 

1w lll tbe lhmelineflows, a rechculaliall :mmeemts a1oog thedonstream blnk. 
Mllmp CORMIX3 cloes DOt predict tbe widtb of diese 7.0DeS. they malle be estimaled 
.. ilejet width in tbe 1111111'..field. Tbe n,circuJatjm JJODe m1ends the 1m.gdl of the llell"­
fidd.. 11lis is illustratat in Figures 6.8a, 6.81>, 6.10a, IIMI 6. lib. 

6.1.2..l. Upstream-intruding Plume Compamam 

'Die two upstmuD-iDlrudi plume e1perbnarts 4iscussed in 1bis sec:tion wue 
pa:iJlll■d by Huq (1983) llldKuhlman ml Pmbl (1974). Huq pei:farmed mdia1 smface 
diaMlf# expe:rimmts similar ID tbose used by Joaes et al. (1985) wlme theary far 
...-- iDtruding plumc:s bas been adop1ed fm me in CORMIX3. Kublman and Pmbl 
11d a lille dischaJge chamlel as is usumed fm CORMIX3. 

FipJe 6. 11 shows the visual outliDe 111d isolheims of Hur¡'s radial disclmge 
e1¡ai+W11L Since CORMIX3 uses a cantml wlame approach in the ncar-field, only a 
few ~ clwactaistics of the fl.ow are calcullled far the near-fidd, iDc1uding the e:mat 
of lpllall1 intrusioa IDII the width of the plume at the clischarge. Tbe plame outlim u 
piedad by CORMIX3 is inlapo)ated betwem diese two values. As slloMl in Figure 
6.11. dlae two geometric puarnmn can be ued 10 adequately deaibe tbe pometry 
of a.e apsr:ram intrusion. 

'Die c:omparilon with die Kublman 11M1 PnhJ expeóment is sbown in Figure 6.12. 
COIMD3 lppeUS to provide ieasaaable pn,dictioas of the upstrellll inliusioD. Tbe 
appnmt averpredicti.on of die width is most lilr:ely due to tbe lirnimd width of the 
Limc+ab:y ,«:eiving water wbich reduces the barimalal peaetration of die fl.ow. In the 
COIMD3 simulation output, the user is wamed 1bat the far-fiad prediction may be 
iwa bec:ause of the inleraction of lhe plume wi1h the far bank in the near-fidd. 

6.2 .. c-parisoas wlth Field Studies 

'l'lll'Cle field studies ~ chosen ID 1m CORMIX3 agaimt IICblll disclmge 
sita...., and to musttate the applicability of CORMDO to realislic Clllldilions Tbe fint 
ficld ady WU performed at the Point Beach Nuclear Power Plant Jocated Oll the 
W'ilcaaw shoreline of Lalle Micbigan. Tbe secoad was coaducted fm the Paliales 
Na:lar ~ P1ant, wbi.ch also disc:llaJges into Lab MichipD but from tbe Micbipn 
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Tbe fint lleCliall of tbis cbapler, Sectico 7.1. illUmalles lbe useofCORMIX3 with 
a hypolhetical situadm mvolviD¡ lbe discharpofhealedefflumt fmm a powcrplaatialo 
a tldal estumy. It aemplifles tt,,, scbernarintino of the ambieat and dm::barp cowfi!ion•, 
specificaticm nflf:pl miJdDg ZIODeS, and hdapráatioJl oflbeDDJDe:rical simuladmlalllls. 
In lbe leCXIDd ICClim, Seáion 7.2, IIJIDe comments 1111 daeapplkatioas ancl liiiiillCj¡N of 
CORMIX3 IR dilcuaed 

7.1. AB Power PIUlt Discbarge Analylis 

1bis example c:msidcn lbe effcct of tidal variaiioa CID lbe expemd trajeceory, 
dilutioa, IIDd geommic c:baracterisdcs of tbe efflucDt flow. Tbe dischm¡er is tbe AB 
MuaicipalPowerPllnt, wbole i:esponsibility is 10assmetbe rninirnizarioo of anyadwne 
affects arising from the WUDl water discharge CID lbe elbJarine eoviromneat. Fint, ·tbe 
pmameren of lbe pn,bJem m, defined in Sectioa 7.1.1 fer lbe two cases in oonsidention, 
low tide and high tide. In Section 7 .1.2 the use of CORMIX3 to ana1yze lbele scmados 
is discussed. 

7,1 1, Probk;m SWsnm! 

Tbe AB Puwa- Plant disdlluges a CODSIIDt f1ow of 60 m3/s of bea1ed Wala' iDlo 
a tldal estuaiy as lbown in Figure 7.1. Tbe tanperature of the efflueat is 26°C. Tbe 
discbaJge c:lwmel is 10 m in widtb ancl tbe depth of f1ow at tbe mauth of tbe c:hamld 
varíes from 2.2 m to 2.S m from low to high tide, nspeclively. A delailed aosHCCliaD 
of lbe outlet of tbe discbar¡e c:banne1 is sboWll in Fig1R 7 .2. 

Tbe estuary is oarrow in the region wbae 1be pllllll is loc:aled, beiDg ooly 3 km 
in widtb (seeFiglft7.3). Durlng low tide, tbecumat~amaximum of0.30m/s 
in lbe downslram clirection. However, as bigh tide approa,c:hes, tbe f1ow n:w::ms ami 
Jacbes a~ of 0.025 mis in tbe opposite dúec::tioll (see Figure 7 .1). Tbe awnge 
depd1 of tbe eslUlly varia from 7. 7 m cluring low tide to 8 m during high 1ide. Tbe 
average ambient laDpCratUre is 10 • C. A typical Manning's n JOUglmess for tbe atuary 
is0.02. 

As seen in Figure 7 .1, the intake of waier for tbe plant is 1oc:aled just UJ1111a!D 
of tbe discharge, ami it is a primaty objecme of tbe plant opemors to preveat my 
discharged effluent fiom being drawn into tbe intake dlanneL In addition, Slalle Jaw 
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requiles 1bit 1fle ~ rlse abo\le die IIIIUllll ambieat 1empelatUre c:amaot acmt 
4 ·e outside a mdius CJf 300 m from tbe clilcblrF paint. 

7.1,2, CORMDQ Amlysjs 

Two mriol will be c:oasidcnd ..,..,. Pint, Jow cicle coaditioas lle 
o:ami,.,., in Sectioll 7.1.2.1, IDd tbal dlehigll tidepmtictiaas atediscaSled in Sec1ico 
7.1.2.2. 

7.1.2.1. Low 1'ide Sceaario 

First, tbe ambimt and discbarge geDllldry nmst be simplifial Figurea 7.1, 7.2, 
IDd 7.3 shows bow this c:ue can b.. 4fic:«hu.-d far CORMIXJ input. Note that 
genenlly, ambimt c:ooifirions are higbly wriabJe IDd dlllt simpJificalion ofthis type may 
IIOt be Jadily appuall. In all cases, CORMIX3 llllllt be med amávely, Yarying tbe 
ambk:at and dDcbarge scbematizatims _, oblene die llmitmty to \llrious input 
]llI'IJlldel'S. 

Once die appropriale input is enlmld, CORMIX3 eucutes tbe PARAM3 111d 
CLASS3 demealS sequmtially. In tlds c:ae, die cücharge is classi1ied u SA2. As 
descrlbed in a.ASS3, tbe SA2 flow c:Jus is faJ1y wlticllly mixecl in die near-fidd IDd 
recm:uJation Z0IIC cdlls a1oog tbe clowmmam sbaR1me. In tbe far-field, the flow 
resttaófies 1111d lpmds Jaterally due to 1:luo:,ancy foales. In die HYDR03 elrmalt, tbe 
ICbJll rnatbernaCic:aJ linndation is peñormed. As lllown in Figure 7.4, tbe m:in:ulation 
rqion e.xtrmcb ~y 3.5 Jcm clolrnslram ID die poiJlt 11 wbich die flow 
ratratifies. A va1ic:al downstream Cl'OSHIICtion CJf tbe tlow is sbown in F"J&IR 7 .5. 

In 1bis Cale, tbe S1ale stllldard oí 4T • 4 • C is DOl met 11 tbe edge oí tbe mwng 
zooe. As wo in Figme 7.4, die temper:a!Jffl\ at 300 m fmm die IOUl\1e is 16•C, givin¡ 
a temperatum diffi:rence oí 6 ·c. 1bis is dae to die m:in:uJation CJf die hemd efflueat 
a1ong die bank anc1 t11e speec1 in which the ambimt CIR'lllllt cames it c1ownstream oumc1e 
tbe legal IIIWllg mue. lfowever, tbe flow is aalib:ly ID imñere with the intala=. 

1be IUIDllllt)' elemcDt al CORMJX3, SUM3, giws sugestioDs 011 bow to 
improve initial dilution ID meet lbe lepl mmig JJDDe aequb:emeuts. However, since tbele 
cannot be uoive:nally applicable rules for inc:nuiDg díJution cbaaaclmstics, die analyst 
must Ulean bcralM appmach 1IO find tbe IDCllleffectM way to oplimize the design. Only 
by c:bangmg tbe pmamesas IDd observing tbe cffclCls on tbe resulta can the use:r be 
assuml oí tbe c:onect flow simu1ation ami q,tirninmi 
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7.1.2.2. Hi¡b Tide Samrio 

Tbc bigh tide case employs tbe ame discbarge and ambient lldlmari:rarim u for 
tbe low tide scmiario sboMI in Figun:a 7.1, 7.2, and 7.3, but c:banges tbeambicat flow 
velocity, ambient depth. 11M1 clisc:haJ¡e depth. As a result, the t1ow is classifiecl u• PJ3. 
AccaaliDg to tbe flow delcriptioo ¡ha in CLASS3, tbe effluent stream will mtaact with 
tbe botlom in the near..fidd, tben iatrarify and spread lataally as it is de:Declm by tbe 
c.roaflow. Tbc flow c:1ass FJ3 aJso shows DO interaction with tbe near sboftliDe. 

ID nmnmg the hydroclynamic simularion, tbe analyst noles tbe t1ow iDlenm with 
tbe opposbe bank quite IIRlagly. 1bis is shown in the plan view u i1lusllalfd in Fig1n 
7.6. Tbc c:rossf1ow is w:ry weak, tbeRd'ore the t1ow is oaly sligbtly deflecled. SlrUOg 
1ataa1 spR8ding OCCIUI in tbe near-fidd u shown in Figure 7.6. Fi¡me 7.7 shows a 
cross IIOCtiaD along tbe flow tmjedory centerline u obtained from tbe rnatbemariAJ 
simularion. Tbc ialaaaion with die boaom occun oaly 31 m from the cliJchaqe. and 
buoyantiatratificaiion ocx:ars 218 m from the soun:e. CORMDO ends tbe simuJatioa at 
the point of intmction wida tbe opposi1e bank. 

For this case, the t1aw mem tbe S1ale c:riteria at the edge of tbe legal mmg 
zooc. As DOted on rigme 7.4, the ~ difícreoce at 300 m from the soun:e is 
13.2"C, giving a trmperatmi: rile of 3.2•C ~ tbe ambient tempm'llllre. 1bis is 
below tbe 4 • C linm set by die S1lle. ID addition, it appears tbat the flow is DOt libly ID 
interfae witb the intake. 

Tbc intenclion of tbe plume with the opposite shoreline may be of caacem, 
depeacting IJD the reguJariaas 1bat apply and tbe activiries oc:curriDg there. For aample, 
if a public beacb wae Jocated on tbe opposite shCR, it is lilrzly tbat stricter water quality 
llaDdards would llave ID be met, IIMI altcmatiw clischarge designs may bave ID be 
c:onsidaed . 

7.1.3, Commcots 

Tbcapproadl used to analyze this tidal situation assumes •quasi-stady• conditions 
exist. Tbat is, atthough the ambient conclitions cbangc with time, the time-sca1e of tbe 
tidaJ variations are much larger than the time-scale of the near-fidd mmng proceaes, 
tbeRd'ore, eacb scenario is assumed to be independmt of tbe previous c:oodirioos. Ooe 
sbould note, howevcr, that in general this is not true, especially for filr-fidd predicdoas. 
For ñutber discussion on tbe effects of tidal variations on surface discbarges, see TIJ'ka 
et al. (1975) . 

Tbc importance of ilerative use of CORMIX3 must aJso be stresscd. ID this 
eump)e, u wilh most cliscbarge situations, significantly different fl.ow pattems are 
predicled with c:hanges in the ambient c:onditions. Sincc ambient and discharge condirioos 
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are msely laaown wida lbmlule cc:111iDly, it is imperative dllt whea USÍII CORMIX3 to 
anal}'Jle ID)' rmlistic a:na:io, mpeáld mm must be made ID cleletmine lle semilivity of 
lbe predictiom to varyiDc ambiellt puamelln. 

7.1-- IJmllations IIQld ApplkabDltJ of CORMIX3 

CORMIX3 is iDlmded to be a IObust modeliDg pmpam c:apable of bmdling a 
wide 'Y8riety of posilm:ly IDd nmtrllly buoyant surface discbnps, Jlowew:r, mme 
lirnilúims still mst. Far eump1e, ci:>RMIX3 is not iDlalded far applicalion to 
neptivdy buoyant diw:b11p:,;- Additianal lio,itatio,ss me discussed in Sa:tioo 7.2.1. 

CORMIX3 may, in some ÍIIStlllCeS, be adlpled 10 mwsua1 si1alliaas far wbic:h 
dim::t application is lá imaided. For aample, CORMIX3 may be •tñcbd• ID predict 
limpJe negatively t,a,yam ctisc:balges. 'Ibis and olber adapCalions of CORMIX3 to 
atypk:al situations are climmed in Sectioo 7.2.2. 

Z 2 1, limit¡tipns ot CQRMIX3 

'Ibe limitatioas of CORMIX3 may be categorized inlo three gaaal gmaps: (a) 
flow class scenarios tllllt c:aanot be quantitatiw:ly pmlicted, (b) odd clidarge or ambient 
geometries tbat cannot be schemariml, IDd (e) scemrios wid, sipificant ambient 
,rn,rific:ation, 

(a) CORMOO is aaable to model c:atain flow dama. Oae 1111:b situalion is a 
discbarge c:1assified a IDd upstream iDtrudiDg plume in a ltlplllt emiroammt. 'Ibe 
nsuitin¡ flow in tbis cue is ID umteady pool of eftluent daat fonns at die moadt of lbe 
discbarge c:bannel. ID additioa, CORMIX3 c:ao oaly predict lbe fflÍOll of flow near lbe 
discbarge for all stlgRlllll cases due to lhe inllamt un-reactine,cs of tbe fM-field iD such 
cases. Abo, ü stroog iD1ll:nction with a sbaRline oc:curs tbat may lella'ely disrupt tbe 
flow lb daat predictian of tbe flow would be difticult or impossible, die limulllioa will 
lr:nDinue at tbe paint of dü inraxtioa. 

(b) &treme clidarge IDd ambieat geometries c:annot be accounted for by 
CORMIX3. For eumple. tbe aspect mio of the discbar¡e is lirnillDd ID a range of 0.05 
ID 2.0. Altbough appmidmarions CIID be made for disclwge c:lwmels with aspect ralÍOI 
daat fa11 outside tbis range such u described in Section 6.2.3 for dar Omnecricat Rm:r 
fidd lbldy, cautioo. lbouJd be used in doing IO to aYOid minpn:amtlliCll of tbe 
imponaat discharge c:llllacteristics. ID additim, tbe depth of tbe recemag w-, at tbe 
mouth of lbe discharge, Ho, CIIIIIOt be signific:antly grealle:r tban tbe naa¡e ambient 
water depCh, H,.. 
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(e) The ability of C0RMIX3 ID acc:urately predict tbe dlancferisrics of a flow daat 
falls Clll the bordediDe between lWO flow c:Jasses usually requira repetirive U1e in arder 
to appreciate tbe lmSitivity of tbe raults. By ex•rnioing tbe aeositivity to c:ertlin 
puameters that are might affect tbe flow, tbe user can obtlin a •tee1 • for tbe true natme 
oftbeflow. 

1,2 2 APPJiratioo Qf CQRMIX3 tp NslH1amlnnS Siwatism 

Thme DOll-SlllDdud clucbarv situ•tions ~ clbc11ssed in tbis aecdon. 1bey iDclude 
die appliCllion of CORMIX3 10 negatively buoyant discharges, simplification of imgular 
cliscbarge geomdries, IDd tbe iDclusim of first-order reactim proc 112 s. 

7.2.2.1. AdapCaiion of CORMDO 10 Negatively Buoyant Disclmges lssuiog at tbe 
Bottorn of tbe Water Body 

C0RMIX3 rnay be adapted for use oo oon-buoyant discbarges ü tbe botlom 
geomcuy of the receiving waler' is simple. This implies that tbe cliscbarge c:baoDel is 
locatecl at the boaorn of tbe arnbimt water body of which there is no sigoificant slope or 
irregu)arities. The user must dam in eaeoce flip die ~ upside clown so daat die 
bottorn of die xeceiviog water body appem to be tbe •surface• at which tbe cliscbarge is 
loc:ated. By specü'yiDg a demity diffemice equal 10 die existiog aoe. lwt desigoaring tbe 
cliscbarge u less deme tban tbe arnbieot. the flow rnay be sirnulatm u if it were a rnino.r 
irnage of tbe actual fJow. 

ID such cases, CORMIX3 will c1assify tbe flow aocl predict tbe resu1ting 
ttajectory, dilulion aocl geometry u ü it were a positively bmyant cliscbarge issued at tbe 
surface of tbe water. The user rnust tbeo c:orrectly ioterpret tbe nsu1ts u tbe rnim,r 
irnage IDd accouot for any anornalies tbat the bottorn rnay cause io lhe pn,dictim. A 
similar approach is dilcussed by l>ooeker- aod Jirka (1990) for adaptiog C0RMIXl ID 
subrneigecl single port dilcharges Dell' the surface of tbe xeceiviog water. 

7.2.2.2. Sirnplification of megular Discbarge Geornetries 

C0RMIX3 a1so allows for both rectangular clischarge channels aocl circular (pipe) 
clisc:harges assurniDg tbat lhe pipe is flowing full. In fact, pipe discharges rnay be sligbtly 
subrneigecl, but by DO 1110IC tban ooe-half pipe diarneter for tbern 10 be coosidered a 
surface clisclwge. If die cross-sectioo is ao odd sbape (i.e.: a pipe flowing partially full), 
dam ao equi'Valeot reclaDgular cross sectioo should be uscd with ID equivaleot cliscbarge 
an:a IDd width-to-depth ratio. 
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AppelldlxA 

A reliabJe enviroameatal 11111:ysis IDd mixia& Da pmdiction is possibJe only ü 
each design c:ase is evalulled tbrougb sevcral. ileratioas of CORMIX3. Small c:banges in 
ambiellt or clúc:harge design c:ooditions can IOdletimes cause clrastic sbifts in lhe 
applic:úle f1aw class IDd tbe size or appemnce of mixia& r.oaes. Itentne me of 
CORMIX3 will give infonnatioa an tbe lalSitivity of predic:led JaUlts 011 design and 
ambialt c:onditions" Eadl predic:lne case should be caniully assessed as to: 

- size 111d sbape of LMZ 
- condmoDS in tbe TDZ (ú p¡aent) 
- boaom impact of tbe diJcbarge fJow 
- hui, IUachroent, and other fadms. 

In gcnml, itcration shouJd be conductecl in tbe following order: 

A) Discbarge geometry c:hanges 
B) Seasi1ivity to ambimt coaditioos 
C) Discbarge flow cbaDges (process vadations) 

Whm i,nvatjgaring tbese variatiolls tbe CORMIX3 user will quicldy apprecialetbe 
f'act tbat mixia& coaditiou at sbort dislancea (near-tield) are usually quite ICIISitive md 
coattolJable. In c:ontmst. mi.xmg coadilions at Jarge distances (far-fidd) often show little 
sensitivity unlas tbe ambient coaditions c:bange subscantially or mastic process variatioos 
are introduced. 

A) DISCBARGE GEOMEI'RY CHANGES: 

Most of tbe following fflCOIJl1DeDdarians ate motivaled by tbe desixc of improYing 
conditians in tbe applicable mwng r.oaes (i.e. rniniroizing concentrations and/or mm 
extent). 

1) Dúcbar¡e depth: Inaeasing tbe depth of tbe ambimt water body at tbe 
discbarge location clisaJmages boaom inlaactioo and subsequently 
downstram bani, attacbment_ 'Ibe effectiw:oess ü increasing the 1ml 
depth at tbe disc:barge depends Clll tbe buoylDcy ancf tbe initial momentum 
of tbe disc:lmge. 

2) Aspect ratio: By deamng tbe dq,dl of tbe discbarge channd md 
inc:reasing its width, the disc:barge is etl00Ulllged to propagale further into 
tbe cbannd. 'Ibis abo may lead ID a small incrase in the-initial surface 
ama of tbe pJume. Note, howevu, tbat CORMIX3 is limited to dischuge 
challne1s with aspcct Iatios betweeil o.s and 2. 
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3) Horimntal ugle: 1'lle larg,er the angle between tbe dowmlllelm ba1lk ad 
tbe ciscbarge c:bamel amedioe, tbe las lmly sbmetioe llacbmma wiD 
occur. 'Ibis may be desirable siDce shoreliJIC' attacbrneot ,-nlly leads ID 
decmaed dilaliaas IDd biglm poll111111t COll0eDlladaas alaag tbe oear 
bant. 

B) SENSmVII'Y ro AMBIENl'CONDmONS: 

Varlalions - of tbe cxder of 10 pen:ent - of the following ambient design 
condiliaas sbou1d be c:onsidcteel: 

- ambient wlocity (or ambimt flowlate) 
- ambimt deprh (or mer/tidal 111ge) 
- ambimt clcmity sttuclUle (DOlabJy cleosity differmces) 

Sucb -.ambitity is impor1aDt iortwo mscm: 

J 
J 

1) tbe usual ancer1ainty in ambient envirmmental dala. 
2) die Sl!bernatization anploJed by CORMIX3. J 
Plcue tefe ID the dáai1ed advice OII tbe spec:ificalion of enviJOammtal data dlat 

is available iD progmn eleuat DA11N3. In particular, Dale tbe advilmy commms oa J 
stagDaat ambie:Dt Cllllditicas. 

C) DISCHAllGE PLOW CHANGES (PROCFSS V AlUA'IlONS): 

Aclull procas cbangescan result in variations of oneor mo1e of lhree p,:1amm:rs 
ueoci....., witb tbe disdwge: flowlate, demity, or pollutant concentrllim. In IOllle 

cases. sucb procm c:baDges may be diffic:ult to achiew or too COIIIJ. Noce, dlat 
•off-clesip• cooctitinos ;11 wbicb a discharge opentes below its full c:apadty a1so faB into 
tbisc:aleplly. 

1) Poll.-it mus flux: 1be IOtal po1luumt mus flux is die product of 
disdmge flow (m-:Vs) times tbe disclmge pollutant c:oacentralioa fm 
albitmy units). 1bus, decsasing tbe poUU1alll mass flux wil1. in geaenl, 
dec:n:ae tbe RSllbiDg pollutant concentralion iD die IBl'-field 81111 
far-fiad. 1bis OOCUR, of coune, cluring off-desip cooctitiaos 

2) Diaclmge flow: For a giw:n pollutant mus flux, an ÍllCl'ellle in cüsclmge 
flow illlplies an dec:rmse in clisc:harge pollutant CIJ!WflhMm. ad vice 
-vena. Althougb, far tbe variety of flow classes COlltaincd in CORMIX3 
thcre is no uaiYcna1 rule wbetber high or 1ow wlume ctischarges an: 
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prmnbJe for q,rirnizing near-field mixin¡, iDcreased cfü ::.-.ge velocities 
genen11y iDcn11e initial mmng. Mostly, the saisitivity is SJDall, and even 
- ., for far-fiald effects. 

3) DilCblr¡e delllity: The actual deasity of tbe disdmge flow controls the 
buoyaacy effectl matift ID tbe ambieat water. Occasionally, the 
clill:bal¡e demity is CODttOllable tbJOugb tbe amount of procesa heating or 
coaliDc ocnming pdor to disc:barge. N~field mixiDg may be enhanced 
ar degrlded by mcreasing tbe to1a1 density difference betwer:n diJcbarge 
flow ad ambimt wm:r. In most cases, however, tbis effect is rninor. 
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Appeadb:B 

Flcnr Cllls Dmalptiw 

FLOW CLASS PJl 

1'bis f1ow c1asl erhibits DO bllllt iD1aaClion nrbclalol,> ildrndicwt in tbe near-field. 
lt is adamd ata latge enough angle from lbt, dowüllftllm. sbardiDe to¡u:wmt sbcRline 
..,. h ,......, Tbe buoyaDcy is relatively mvag and will distort tbe mllHCICtiao of the 
Oow sipificautty mar tbe source. 

Tbe flow coasists of the following i:egimes: 

1) Wakly cldlec:ted Uirnensional jet: Tbe mmng is cloañnanl by die initial 
rnomeotnm, causing relative1y 00IISIIDf spradiDg in both the hQrimotaJ IDd tbe 
w:rtical directions. Tbr cldJectioo by the ambicm aossflow is Jdllhdy wak. 

2) Weakly cldlec:ted plume: Tbe flow aoss-sectioo becomesdismrted bythe baoyaDcy, 
JeSUlting in thinDing of the flow 8Dll incieued IIOll-linear Jatml spa:adillg. Tbe 
diJDtion is miuced in tbis n:gime due ID suppressioD of the wrtica1 rnmng by 
buoyancyfon:es. 

3) Slnlllgly ddlected plume: Tbe c:rosHediml of the flow is disllll1ed due ID 
buoyancy-induccd 1am:ral spR:lding. 'Ibis rnay teSUlt in tbinninc af the plumc. 1be 
f1ow is strongly cleflected by the ambimt aim:nt. 

4) Far-field buoyant spreading: Tbe plume spleads Jalera11y a1ong llle mrface while 
bem¡ advecred downstream widl the ambient amait. Tbere is DO net dllDge in tbe 
c:mle:r1ine trajectory. Tbe mmng Jale is re1alm1y small lDd die thic1mr:ss may 
dec:lase in tbis regime. Tbe plume may intieract widl the sbordme. 

5) Passive ambient diffusion: Tbe ambicat turbulmce becomes the pmlomioaur nüxing 
process in tbis regime. Tbe plume wi1l gJOW in both the ~ and borizontal 
dim:tioDs ata rate tbat is clepc:ocln)t oo the rnagnit»de of the ambimt tmbu1eoce. 1be 
flaw may iml:ract with the bollom or the sboRline in tbis Rgime. 

SPECIAL CASE: lf the m:eiving water is stagnant, the simulatioa wiJl terminale at tbe 
end of the wealdy cleflected plume n:gime (2). 
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FLOW CLASS FJ2 

1bis f1ow cdlibits DO bank intetactioo or botlom interaáioo in the near-field. It is 
.lllial1lld at a lar¡e enoogb an¡le from the downstrearn sboreline to pievent shareliDe 
aaaduwmr Tbe buoymcy is stroag ID dis1ort the cross-secti.on of the flow in the 
aear-field. 

Tbe flow comiSls of the following regimes: 

1) Weakly defleclCd 3-cfünensiooal jet: Tbe rnmng is dominared by the i1litial 
JIIOllleDtum. c:ausing relatively constant spreading in bolh tbe homoatal and the 
w:rtical directioos. Tbe deflec:tion by the ambient c:rossflow is relatively weak. 

2) S1roagly defleclCd 3-<limen.siOllll jet: Tbe is ckmünated by the mitial rnomentum, 
CIIISing rdalively c:onstant spmtding in both the hori7.onta1 and vertical di!ec:tions. 
Tbe flow is stroagly deflcc:ted by the ambient c:um:nt.. 

3) Stmlgly dc&cted plume: 1be cross-secti.on of the flow is distor1ed due to 
buoyancy-induced lateral sprading. 'Ibis may teSUlt in thinning of the plumc. Tbe 
f1ow is stroagly deflec:ted by the a.mbient c:um:nt. 

4) Far-field buoyant spteading: Tbe plume sprmds latelally a.long the surface while 
be:ing adWCled downstream with the ambicnt c:ummt. Tha'C is DO net c:hange in the 
cairaline tlajec:to!y. Tbe mixiDg rate is relatively small and the tbickDess may 
deaase in Ibis regí.me. 1be plume may intenct with die sbolaine . 

5) Passive ambiaú diffusion: Tbe ambient turbulence bocomes tbe predomimmt mixing 
process in dds regime. 1be plurne will grow in both the w:rtical and horizonlal 
dim:tions ata nte tbat is dependent 011 U... magnmlde of tbe ambialt turbulence. 'Ibe 
flow may iDlerllct with the bottom or the sbordine in tbis regime. . 

SPECIAL CASE: lf the efflumt is non-buoyant, the strongly ddlected plume and 
far-field buoyant s¡mading regimes will be omitted. 

FLOW CLASS Fl3 

'Ibis flow embits DO bank interaction in tbe near-field. Howeva-, the arnbient water 
depth is sballow and the flow will intaact with tbe bottom in the near-field. lt is oriented 
at a larF mougb discbalge angle to preveot sllordiDt attacbmeot with tbe downstn:am 
shcJreliDe. Tbe buoyancy is relatively stroag and will distort thc cross-sectioo of the flow 
sigllificantly in the near-field. 
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Tbe .. CXllllim of the followhlg iegimes: 

1) Wflllly dellec::ted 3-GmmsioaaJ jet:. Tbe mixiDg is clomimMd by tbe initial 
-,..m, i:ausiDg tdatMly c:oasraat spreading in bodl tbe ~ and the 
Wdil:a1 dimctiaas. Tbe dcfltdioa t:,y the ambient aossllow is rclldwly wat:. 

2) Wally clefJectecl 2-dirnensiooal jet: Tbe flow intalCtS with die baCtaln of the 
m:Je1mD1 water body and is coasidered IO be 2-climemiooll (i.e.: fa1ly w:ttic:ally 
..-1). 1be dilutioo is clue IO momaatum domillaled mixm¡. Al tbe ead of this 
..-. tbe flow JeSttalifies 11111 bocorncs 3-dimeasiaoaJ in c:llarlclrr. Tbe deflecljc,n 

by* ambialt cumnt is reJalively weak. 

3) Waldy deflectm plume: Tbe flow cross-sectioo becomes dislDrlerl by die buoyancy, 
mllllinc in dlinning of die flow and incrased non-linear Jaaml fllRlding. Tbe 
.thlliDa is nduced in this n:gi.me due to suppm:sioD of the w:rtical mixing by 
~ forces. 1be ddlectioa by the ambient cuneat is reJaliwly wmk. 

4) Silrall¡gly del1ecled plume: 1be cross-secdon of tbe tlow is clislm1ed clue to 
baoJancY-iDduced lateral sprearüng. This may resutt in tbinning m the plmne. Tbe 
0aw is sttongly deflected by the arnbient cum:nL 

S) Far..fidd buoyant spreading: The plume spreads Jalcnlly a1ong tie smface wbile 
beilW adveclai downstream with the arnbient cunmt. There is DO IICt cbange in the 
c:aMatine m¡jectary. 1be mixing rate is relatiwly smaD and die 1bic1mess may 
deaase in this regime. The plume may iDteract with the slxRtine. 

6) PatlÍl'e ambimt ctiffusioa: Tbe arnbient tmbu1mce bec:omcs the pmlorniDant mixing 
Jll'OCll!II in this regime. Tbe plume will grow in botb tbe w:rtical ami horizmlal 
dincaialsatante tbatis depcadalt on the magnitude ofthe ambicattmbulmce. 'lbe 
Oaw may iDlalCt witb the bollom or the sbote1ine in tbis regime. 

SPECIAL CASE: If the n:ceiving water is stagnant. the simulation wiJl lmDinale at the 
end « 111e weakly c1eflec:ted p1ume n:gi.me (3). 

FLOW CLASS FJ4 

'l'bis fJaw exbibits no bank intenCtion in the near-fidd. Bowever, tbe ambialt water 
cleplb is -UOW and tbe flow will intmet with ibe bottom in the near-fidd. lt is oriented 
at • )aqe enough dischaige ang1e 1D prewnt sboreline auacbmellt widl the clownstleam 
sbmdiDe- Tbe buoyaDcy will dis1mt the c:ross-section of die flow to anc degree in the 
near-fidd. 
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Tbe flow Cl!lllists of die foDowillc n:pnes: 

1) Wcaldy def1ected 3-dimcmiaoaJ jet: Tbe mixiDg is domimted by the initial 
momeottan, causiDg mlaliw1J c:onstant spreadinc in bodl the hodzoaial llDd the 
wmcal cmctiom. 1111' deftec:tion by tbe ammmt rmaflaw is te1mwly wk. 

2) WeaJdy cll:fJected 2-climmsioaaJ jet: 1be flow intmces with tbe baCtaln of the 
nceiving water body llDd is considered to be 2-ctirnrmionaJ (Le.: fully Wiltically 
mixed). Tbe dilutillll is dueto momentum domiDallld mmng. At 1be end of this . 
Jqime, die fJow J'Cllbllifies ud becomes :wlirnmsiooal in c:baracmr. Tbe deflection 
by. tbe ambienl cum:nt is rdatiwly weak. 

-OR• 

2) Strongl.y def1ectm 3-climmsioaal jet: Tbe i~ dominamd hy the iDitial momeatum, 
causing Idatiwly C0IISlallt lpmlltiDg in bodl the borimml and vertical diJec:óons. 
Tbe flow is strongly ddb:led by ibe ambimt c:unmt. 

3) Stmngly deflected 1-<ti.mr:osiaoal jet: Tbe flow immas with the bottom of tbe 
nceiving water body and is 00IISideied to be 2-dirnmsional (Le.: fully "Wltically 
mmd). 1be dilutiClll is due to rnommbJm doJninated mixing. At the md of this 
regime, the fiow restratifies and becomes 3-dimensiaoal in cbaiacla'. Tbe fJow is 
stroag)y cletlccled by tbe arnbimt currenL 

-0 Stnmgly deflected plume: Tbe cross-secúon of the flow is diSIOr1ed due to 
buoyancy-induced lale:ral spn:adin¡. 1bis rnay rault in thimwlg of 1be plume. 'lbe 
flow is SlrolJgly deftecled by the ambient current. 

5) Far-field buoyant spreadin¡: Tbe plume spmlds Jalcnlly along the smface while 
being adwcted dowust:ream with the ambient current. There is no net change in the 
centt:dine trajec:tory. Tbe mmng ratc is reJalively srnall ami the tbic:kness may 
decffase in this regime. Tbe plume may intenct with the sboreline. 

6) Passive ambicnt diffusion: 1be arnbient tumuJence bec:omes the preclominant mwng 
process in this regime. Tbe plmne will grow in both the vertical and borizonlal 
cfuections ata ratc tbat is depeadent on the magnitucte of 1be ambient turbulence. 'lbe 
fJow may inienct with 1be boUom or the shoreline in this regime. 

SPEClAL CASE: Jf the effluent is non-buoyant. the stroogly deflected plume and 
far-field buoyant spreadiDg regiDICI will be omitted. -
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FUJW CLASS SAi 

Tllis flow is dynlmic:ally úlllCbed to tbe downstft:am banlt. Aloa¡ llle bank is a :ame 
of •o i ,ijl ting eftluent wbic:h will reduce tbe dilution. 'Ibe pa,etnSiaa ÍIIID the cnmt1ow 
is rolamd due to dña dynamir. IUacbmmt llar dlis cae. tbe flow does IIOt intmact with 
tbe boaaal in the near field. 

'Ibe flaw c:onsim al tbe followin¡ n,gimes: 

1) Weallydefkáed lborelineatllchedjct (3-D): 'Ibemmng i• dommwd by tbe initia1 _,.,.u Clllling relativcly coaslant spreadinc in boda tbe harimntal ami tbe 
Wllil:al dim:tions. Tbe de.t1ection by tbe aoaflow is relalMly wak. 1bis regimc 
ICllds to be very short or non-e:dslmt in sboreline aSllcbed flows. 

2) S1Nag1y defJecled shoreJine dlched jet (3-D): 'Ibe mmng in tbia Jegime is 
6 • ltd by tbe initial momeabml, c:ausiDg reJatiw:ly caasllllt spsadiDg in bod1 tbe 
)ICXimntaJ ud vertical ctireclions. lbe flow is llmagly bmt ow:r by tbe ambicnt 
cnmtlow and is dyDamically attacbed to tbe sboreline. A zone of rec:irculating 
dBlmt exists between tbe core of tbe flow 811111 tbe sboreline. 

3) Stmagly deflecm! lboreline atllCbed plume: Tbe croa-section of tbe flow becomes 
dilaaded due 10 stn:mg buoyancy-iuduced Jatera1 spmding. Some ofthe effluent from 
tbis wgjOD is m:ircu1md back_upstream akln& tbe sboreline. Bowever, tbe ovaall 
DmÍII raae is small and tbe lbickDess may dec:reue in Ibis qime. 

4) Fa-&ld buoyaat spreading: 'Ibe plume spreads laaally akmg tbe surface wbilc 
be:illg adYeCled dowDstmuD with tbe ambieat cumat. Tbeie is DO act c:hange in thc 
..... lllllllliDw::C trajectmy. Tbe mixiug rme is relatiwly small ami tbe CbickDess may 
dec:auc in dña rqimc. Tbc plumc rmiaim atlaebed 10 tbe sboreliae. 

5) PUlhe ambicnt diffusion: Tbc ambimt tU!buJence becomea tbe predr)miuant mixing 
proom in Ibis rqimc. Tbc plume will grow in bodl tbe wmc:a1 and horimotal 
dim:lions ata ratc dlat is depcndmt oo tbe mapihlde of tbe ambimt turbuleace. 1bc 
flow may inlaact with thc bottom or tbe opposhe sboreline in this egimc. 

FLOW CLASS SA2 

1bis flow is dynamically atlached to thc dowDstream banlt. Akmg tbe bank is a zonc 
of m:bndaring eftlucnt msts whicb mluces tbe dilutioa. Tb,, pcn,natioD iDto thc 
c::rossflow is teduced duc to tbis dynamic anac:brneot Sincc tbe discharge dcpth is equa1 
or neadJ equal to thc deptb of tbe recciving water at tbe discbarge poiut, thc flow 
becomes auached to thc bottom. 1bi• auacbmcnt to tbe bottom oould dfcctivcly block 

· off tbc ambicnt cum:nt and be thc cause of tbe attachmeot to thc downsbam shordinc. 
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'Ibe fJow ccmists of tbe followiD¡ iegimes: 

1) Wcakly cldlecled shoreliDe aaicbedjet (2-D): 1bc 111m111 is domiDallDd by tbe initial 
IDOl'DOúlMD CIIISing rdativcly CQIISlaat spreading .in tbe horimml dinlction. 1bc 
defJrrJion by tbe crossflow is relatiwly weak.. 'Ibis regime liellds IO be very short or 
IIOIHllistml jn shore1inc attlCbed flows. 

2) Stmlgly ddJeded abmeline auacbed jet (2-D): 'Ibe mixiDg in Ibis regimc is 
domioattd "Y tbe initial morneotmn, camiDg 1dldvdy rmsllllt lpJadiag in tbe 
horimatal ctiJectjon. Tbc fJow is ltmlgly bmt over aad is dynamically allacbed lO 
tbe sboldine. A z.ooc of recin:ulatm¡ cffluent msts betMlCD tbe core of tbe flow and 
tbe sboldine. The flow n:maiDs attachcd IO tbe boaom dllougbout dlia Jegime. 

3) Strongly de.fJecttd shoreline atl8Cbed plume: 1be flow may lift off tbe boaom ü it 
cmaiDs suflidmt buoyallcy. Tbe c:nm-sec:cion of tbe flow becamcs diS10rted duc 10 
stn:mg buoyancy-induced lm:raJ. sprading. Some of tbe efflumt &om dña ngion is 
mcircuJattd back upstream aJong thc sboldine. However, thc ovaall mixing nde is 
small 811d tbe 1hicJmc:ss may dec:reac in Ibis regime. 

4) Far-field buoyant sprading: The plumc spreads Jaterally aloag tbe sumce wbilc 
being advec:ltd dowDstmuD with tbe ambimt c:umnt. 'lbele is DO act c:bangc iD tbe 
ccoterlinc tra,jectory. 1bc mixing rllllC is mativcly small 8Dd die tbicbcss may 
dec:reue .in Ibis regimc. Tbc plumc mnains attachcd 10 tbe sbordine. 

5) Passive ambimt diffusion: Tbc ambimt tUibulm:e becamea tbe peclorninant mmng 
process in Ibis Jegime. Tbc plumc wil1 grow in bodl tbe vertical and horizontal 
ctiJectjons atarate tbat is depmdent on tbe magnitndc nftbe ambimttmbulcncc. Tbc 
flow may Ült=act witb thc bottom or tbe opposile shozelinc in Ibis qime. 

FLOW CLASS WJI 

Bccause Ibis duc1w¡c is issucd at or ncar paraDel to tbe downstJam baDk, it will 
mnain atl8Cbed to tbe shordinc. Tbe =eiving water is Idativdy deep in thc vicinity of 
tbe dischargc m DO inte:rac:tion witb tbe bottom will takc place in tbe near-ficld. Tbc 
shordine will act as a ~ve boundary to limi tbe tlow 10 a jet beiug issued into a 
coflow. 

1bc flow will c:msist of tbe followiDg regimcs: 

1) Weakly dcflccttd 3-4irncosioaal wall jet: 1bc mwng is dominattd by the initial 
momcntum, c:ausing tdati:vely constaDtjct--lie spsadiDg in both thc·horir.ontal and 
thc vertical dircction. Tbc ambicnt cmrcnt has vr:r¡ littJe cffect oo thc flow in tbis 
ffgimc. There is no intaaction witb tbe bottom duoughout tbis zegimc. 
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2) Far-&IÍI buoylat spreading: Furtber from tbe soun,e tbe initial mm:.~ becomes 
114Ü+111ut al far-field processes tac OYer, 1be plame spmds llaally ID'I tbe 
_._wbilellált¡ lld-=red dowmlream witb tbe IDlbimt camat. Tbere isao net 
c:llaiF in tbe rmee:diue tmjec::lmy. 1be 111WJ11 rae is re1a1iwiJ 1111111 111d tbe 
tbidala may décrelleiD Ibis regime. Tbeplume n:mim atlded ID tbe lbaa1ine. 

3) PUllheamlliml diffulian: 1be ambicDt tmbulence becomes tbe prelli-1. *"' "llixiD¡ 
Jll'OCIII in Ibis regime. 1be plume wDl grow in botb tbe Wllial 111d Jaomontal 
dim:dllasca me lhltis dependent oo tbe magnitude oftbeUilliel,41111balm:.e. Tbe 
flow _, m--.:t witb tbe boaom CII' tbe opposi1e sbmeliDe ia 1bis regime. 

FLOW CU.SS WJ2 

Becale diis didarge is issued ll ornear pamlld 1D di.:; dowmta&m l+nt. it will 
ffillllml -.:bedto tbe shcnliue. 1be nmviDg Wllf:r' is relasiYelysballow in tbe 'lidni1y 
of tbe dilclerge 111d tbe cliscbarge interacts witb tbe boam1 ia tbe near-fidd. 1be 
sbare1me will act - • reflectM bounduy 1D likm tbe flow to • jet bcing issaed into • 
coflow. 

1be flow wiD comist of tbe following regimes: 

1) Weatly deftec:led 3-clhoeosioaal q]] jet: 1be mixing is clcw1i...,, by tbe iDmal 
mi iilll, QDSing ff:latiwl.y 00DSlalltjet-lib spreadiDg in botb die bommo) 111d 
tbe Wl1il:al dimction. 1be ambient cum:nt has w::ry JittJe effect m tbe flow in Ibis 
n:gime. lalmdiOII widl tbe bottom wilJ occur ll tbe end of Ibis wgiJne. 

2) Watly detlecllid 2-<timeasionaJ waJl jet: Once bottom interaclioa acc:ms, tbe flow 
becames 2-dimmsional in fonn. Tbe mixing is dominád by 1be illitiaJ DMIIDffltUm, 
Cllllillg rmtivdy CODSlaDt jet-Jill:e spreading in tbe borimntal cli!ecliml. 1be ambient 
CUDalt laas w:ry Jitt)e effect OII tbe flow in this regime. Tbere is OJftfflPJOQS 
iD!rncrioe widl tbe bottom througbout this i:egime. 

3) Far-fidd buoyaDt spiading: Furtber from the soun,etbe initial lDi+edltiii becomes 
uaillpmtmt 11111 far-field proc:esses tac over. üftoff of tbe flow from tbe boaom 
mar occar dae 1D buoyucy fon:es. 1be plume sprads Jataal1y aloa¡ 1be smface 
wllile being ldvected doMlstmun witb thc ambient ammt. Tbere is DO net c:JJangc 
in 1be camliue trajeclOry. Tbe mixiDg rat.e is n:latiwly small llld 1be tbicJmess may 
deaale in diis regime. ne plume remams atlaCbed 10 tbe slimline. 

4) P1111M ambient diffusioo: 1be ambicnt tUibulence becomes tbe pndominant mixing 
pnass in Ibis regime. 1be plume wilJ grow in botb tbe 'ftl'tical 111d borizontal 
dináaas II arate lhlt is depeodent on tbe magnitudc of tbe ambim tmbulence. Tbe 
~ may ümnct widl tbe bottom or tbe opposite sboreline in Ibis regime. 
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FLOW CU.SS PLl 

1be dilcbai¡e is issued witb nlllively low w:1ocity IIDd hi¡h buoyancy into 111 
CIIVUOIIJDeot with • relatiwly low ambient velocity. Fer tbis J1Ull1, 1be .e:ffluent wiJl 
spread upsuam aJoag tbe lbmelinc apinst tbe ambient curreot. 1be receiving Wldler is 
nlali'V'ely deep in tbe vk:mity of tbe dilcbarge 10 "" qnific:aut iolJ'Dcfica witb tbe 
boaom taba place in tbe Delr-field. 

1be flow wm c:oosist of tbe fdlowing flow regunes: 

1) Upstrcam iJdrusioo: Upstrcam of tbe dischargc will be a Sleady laycr of eftlumt. 
Tbis upstnam lpleadmg is c:amed by tbe stroDg buoyancy of tbe cfflucnt 111d • 
n:1ati'V'ely wak ambient crossflow. 'Ibis regime mds just clownstream of tbe 
dilchaqc wbere far-field buoyant speadiJlg 1akes over. 

2) Far-fieJd buoyant spn:ading: 1be plumc spsads Jmrally a1oag tbe aurfacc wbiJe 
being adWCled downstram widl tbe ambicnt cum:nt. 1be mixing llde is relaúvely 
smaD 111d tbe tbic:tness may decreasc in this regime. Tbe plume rmnains attacbed 1o 
tbe shoreJine.. 

3) ~ ambient diffusioa: The ambient turbulencc becomes tbe predomimmt mixing 
pnx:ess in this regime. The plumc wilJ grow in both tbe vertical 111d horir.ontal 
dnctions II a rat.e that is depment oo tbe magnitudc of tbe ambient turbuJcncc. 1be 
flow may interact with tbe boaom or tbe opposite sbcnline in tbis regime. 

FLOW CU.SS PL2 

1be disc:hargc is issued with relatiwly high buoyancy in1D ID eoviromncnt widl a 
rdatiwl.y low ambient velocity. For this JQSOll, tbe eftluent wilJ sprad upstream aloag 
tbe shoreline against thc ambient c:unmt. 1bc RICCiving water is shallow in tbe vicinity 
of the discbatgc. 1bere is UIISlabJe reciicuJation of tbe eftlueot in tbe irnmrdiate area of 
tbe disc:hargc. However, sllble restratificalio of the fiow occurs just downstteam of tbe 
sourcc wbere far-fieJd proceaes tac over. 

1be fiow will c:oosist of tbe following flow regimes: 

1) Upstrcam intrusion widl recin:ulation: In tbe immediate vicinity of tbe disc:haige, 
UIISlable recin:ulalion of tbe e:fflueot wilJ occur. Upstream spreading is c:aused by tbe 
strong buoyancy of the dlluent 111d a rdatively weak ambient c:rossflow. 'Ibis regime 
mds just downsmam of tbe disc:hugc whcre tbe flow restatifies 111d far-field buoyant 
spttading 1akes over. 
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2) Far-fidd buoyant sp¡eadiag: Tbe plome s¡nads 1atemlly a1ong tbe surface wldle 
beiDg adWdlld dowmtmuD with tbe ambimt cunmt. 1be mixing mte is relatndy 
sma1l and ti. tlüdrnea tDaJ decnue in tbis regime. Tbe plume remains attached to 
tbe lhore6ne. . 

3) Pusi'le ambieDt cliffusiaL Tbe ambimt tmbu1ence becomes tbe predominant mixing. 
process in tbis n:gime. 1be plome will grow in bolh tbe vettical ad horizontal 
direclions ata rúe tbat is dt.pe,IMlt oa tbe magnitude of tbe ambient tmbulenc:e. 1be 
fJow may inJeract witb lhe boaom or tbe opposite sbordine in tbis regime. 

FLOW CLASS PI.3 

Tbe dischargc is issued widl tdatiw:ly low disclmgc momentmu into an mvironmmt 
with a n:lativdy Jow ambimt "Ydocity. Por these ff8SODS, m-fiekl proc:esses are tbe oaly 
hnpo.nant proc::mes. 

1he fJow will consist of tbe foDowiDg flow regimes: 

1) Far-fidd buoyant _sprcading: 1be plome spmids 1atemlly aJoog tbe surfacc wldle 
beiDg adWdlld downsllam with tbe ambimt cmrmt. 1be mixing mte is relatively 
small and tbe thickness ,;nay decnue in tbis ff:gime. 1be plume mnaiDs atta.ched t,) 
tbe sbordine. 

2) Passive ambimt diffusian: 'lb,! BJDbient tmbulenc:e becomes tbe predominant mixing 
process in tbis n=gimc. 1be plome will grow in both tbe vettical ad horizontal 
dim::lions ata mte tbat is depe:ndent on tbe magnitude of tbe ambient tmbulenc:e. 1he 
flow may inlaaCt witb tbe bottom or the opposite sbordine in this regime. 
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I
¡ Q1TIAL DILUTION IS THE DILUTION WITH AMBIENT 

WATER ACHIEVED IN A PLUME DUETO THE 
1
1, COMBINED EFFECTS OF MOMENT-UM AND . 
, BUOYANCY OF THE FLUID DISCHARGED FROM AN 

•ouTFALL, ANO 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 ANO 
DECREASES AFTER THAT . 

• 

BUOYANT JET 

....._ ___ _ ---
-------

----- ,,,,,__ E FULL Y 
DEVELOPED 

-====-_..¿!~_¿..--■;//:;-.,,.. F LO W 
DEVELOPMENT REGION 
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FAR FIELD DIFFUSION AFTER THE INITIAL 
MOMENTUM ANO BUOYANCY HAVE 
DECAYED IS DUE MAINLY TO AMBIENT 
TURBULENCE AND IS VERY SLOW 
COMPARED TO THE INITIAL RATE OF 
DILUTION. THE TOTAL DILUTION ANO 
AMBIENT CONCENTRATIONS, DETERMINE 
THE CONCENTRA TIONS 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 OCCUR ATA 
PRESCRIBED BOUNDARY. TWO BOUNDARIES 
ARE OFTEN SPECIFIED. 

' 

l

. 

l 
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1. THE MOST RESTRICTIVE REGION IS 
OFTEN CALLEO THE TOXIC MIXING 
ZONE OR ZONE OF INITIAL DILUTION, 
ZID. IT IS W.HERE THE CRITERION 
MAXIMUM CONCENTRA TION 
(CMC)MUST BE MET 

2 THE SECOND IS THE REGULATORY 
MIXING ZONE WHERE THE CRITERION 
CONTINUOUS CONCENTRA TION MUST 
BE MET (CCC). 

le 
' THE CMC ZONE IS OFTEN DEFINED AS THE 
ij• SHORTEST OF: 
1 

1. 10% OF THE REGULA TORY MIXING 
ZONE 

2. A DIST ANCE NO· FURTHER THAN 5 
TIMES THE LOCAL WATER DEPTH 

3. A DISTANCE OF 50 TIMES THE SQUARE 
ROOT OF ANY DISCHARGE AREA OR 
PORT. 

THE DILUTION REQUIRED TO MEET THE CMC 
REGULA TION IS OFTEN SET FROM A 810-

\ 0 ASSAY. 
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FOR MUNICIPAL OCEAN DISCHARGES, THE 
EPA HAS DEFINED THE REGULA TORY 
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 
C ZONE IS OFTEN DEFINED AS A RADIUS 

FROM THE POINT OF DISCHARGE ORA 
SURFACE AREA. 

0 

IN ADDITION, RESTRl·CTIONS 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. 

f 



' i , • JETS, PLUMES, ANO BUOYANT JETS. 

:e 

• 

C A JET IS A OISCHARGE AT RELA TIVEL Y 
HIGH VELOCITY THAT HAS SMALL 
BUOYANCY. 

A PLUME IS A OISCHARGE WITH SMALL 
MOMENTUM ANO LARGE BUOYANCY 

A BUOYANT JET IS A OISCHARGE WITH 
MOOERATE VELOCITY ANO MOOERATE 
BUOYANCY . 

, C THE RATIO OF THE MOMENTUM TO THE 
BUOYANCY IN A OISCHARGE GIVES THE 

• DENSIMETRIC FROUDE NUMBER. 

• 

• 

D 
~p 

g 0-

p 

VALUES GREATER THAN 40 OR SO ARE 
MOMENTUM JETS. VALUES LESS THAN 2 
ARE PLUMES. MOST ENVIRONMENTAL 

~ DISCHARGES FALL BETWEEN THESE. 
r 

1 
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MODELING TECHNIQUES 
EXPERIMENTAL METHODS USING SCALE 
MODELS OF THE DISCHARGE. THESE 
CAN BE SIMPLE WHERE JUST THE 
DISCHARGE ANO PLUME ARE 
INVESTIGATED OR COMPLEX WHERE 
COMPLICA TED GEOMETRY IS 
SIMULA TED. THESE ARE KNOWN AS 
PHYSICAL MODELS ANO ARE NOT THE 
TOPIC OF THIS COURSE . 

2. NUMERICAL MODELING IS WHERE THE 
DISCHARGE ANO RECEIVING WATER 
ARE DIVIDED INTO THOUSANDS OF 
SMALL VOLUMES OR GRIDS EACH WITH 
ITS OWN FLUID PROPERTIES. 
COMPUTA TIONAL FLUID DYNAMICS ARE 
USED TO SOLVE FOR THE INTERNAL 
GRID PROPERTIES BASED ON 
BOUNDARY ANO INITIAL VALUES. 
THESE ARE HARD TO SET UP ANO 
REQUIRE LARGE COMPUTERS ... 
DIFFUSION COEFFICIENTS ARE OFTEN 
THE HARDEST PART TO MODEL. 

1 
1 
j 

f 

1 
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NUMERICAL MODELS CAN BE TIME 
DEPENDENT ANO CAN BE USED 
CONSIDER TIDAL EFFECTS, AMBIENT 
CONCENTRATION BUILT UP, ANO OTHER 
TRANSIENTS. WITH MOST DISCHARGES, 
HOWEVER, THE MIXING ZONE IS 
REACHED WITHIN MINUTES ANO 
TRANSIENTS ARE NOT VERY 
IMPORTANT. SEVERAL QUASI-STEADY 
STATE RUNS CAN BE MADE TO COVER 
THE WHOLE CYCLE . 

3. INTEGRAL MODELS LOOK AT ONL Y THE 
PLUM E ANO SOL VE THE EQUA TIONS OF 
MOTION WITHIN IT. AL THOUGH STEADY 
STA TE, THEY HAVE BEEN FOUND TO 
GIVER AS GOOD OR BETTER RESUL TS 
THAN NUMERICAL MODELS AS LONG AS 
COMPLICATED BOUNDARIES DON'T 
INFLUENCE THE PLUME·. AS A RESUL T 
THEY ARE USED MOST OF THE TIME. 
SEVERAL OF THE f\.~ODELS DISCUSSED 
IN THIS COURSE OF THIS TYPE. 
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4. EMPIRICAL METHODS ARE BASED ON 
THE RESUL TS OF MANY EXPERIMENTS. 
MATHEMATICAL EQUATIONS ARE FIT TO 
THE DATE. THESE EQUATIONS DO NOT 
SOLVE THE CONSERVATION 
EQUATIONS BUY REL Y ON THE 
EXPERIMENTS TO DO SO. TO MAKE 
THEM MORE GENERAL, THEY ARE USE 
DIMENSIONLESS GROUPS OF 
VARIABLES. THE EQUATIONS ARE USED 
TO EXTRAPOLATE ANO INTERPOLATE 
TO DESIRED OPERATING CONDITIONS. 

THE EQUATIONS 
GIVE GROUP 1 
AS A FUNCTION 
OF GROUP2 
ANO GROUP 3. 
WHICH 
EQUATION TO 
USE DEPENDS 
ONTHE 
MAGNITUDE OF 

1 
1 
1 
1 
1 
1 
1 

- EQUATION1 : 
Q_ 

1 
1 

EQUATION 2 

---

:::> 
o 
o: 
(!) 

ArA OF GROUP 3 
1 
1 
1 
1 
1 
1 
1 
1 

ftÉG/ON 1 : 
/ ' 

GROUP2 

REGION 

GROUP 2. EXTRAPOL.ATION BEYOND DATA IS 
UNPREDICT ABLE . 



1 WHY MODELING 
1 • • THE PURPOSE OF DILUTION MODELING IS TO 
'1
1 C DETERMINE WHAT DILUTIONS ANO 
: CONCENTRATIONS EXIST WITHIN THE FULL 
, SCALE PLUME USING PREDICTIVE 
1 TECHNIQUES. MóDELING CAN BE DONE 
f • BEFORE AN OUTFALL IS BUIL T OR AT 

1 
CONDITIONS OTHER THAN THOSE WHERE 

1 
MEASUREMENTS WERE MADE. MATHEMATICAL 

'.t MODELING IS MUCH CHEAPER THAN FIELD 
•_¡, STUDIES ANO COVER A MUCH WIDER RANGE 
, OF VARIABLES. 

r 
l ,~ 
I• 

DILUTION . 
DILUTION, S, IS DEFINED AS THE TOTAL FLOW 
IN THE PLUME (EFFLUENT PLUS ENTRAINED 
FLUID) OVER THE EFFLUENT FLOW, Q/Q0 . IF THE 
POLLUTANT CONCENTRATION IS ZERO IN THE 
AMBIENT THE AVERAGE CONCENTRATION IN 
THE PLUME C¡ = CJS. IF THE AMBIENT 
CONCENTRATION IS NOT ZERO: 

C +C (S-1) 
C.= o a 

I s 
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WHERE Co IS THE EFFLUENT CONCENTRATION, 
Ca IS THE AMBIENT CONCENTRATION. 
CENTERLINE CONCENTRATIONS ARE 
APPROXIMATELY TWICE THE AVERAG.E 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 ANO LIMIT DILUTION. THE DISTANCE 
TO WHERE THE PLUME TRAPS CAN CHANGE 
DRASTICALLY WHEN STRATIFICATION 
PROFILES ARE ONL Y SLIGHTL Y VARIED. AS A 
RESULT, AMBIENT STRATIFICATION SHOULD BE 
AS ACCURATE AS POSSIBLE. 1 

1 • 

f 



TYPES OF DISCHARGES 
1. DISCHARGE CAN BE AT THE SURFACE 
FROM A CHANNEL OR PIPE. THE RESUL TING 
PLUME MAY SINK BUT USUALLY STAYS AT THE 
SURFACE OF THE RECEIVING WATER. 

2. DISCHARGE BELOW THE SURFACE 
THROUGH A SINGLE ORIFICE OR MUL TIPLE 
PORT DIFFUSER. DISCHARGE ANGLES CAN BE 
IN ANY DIRECTION. 

SUBMERGED DISCHARGES MAY RISE TO THE 
SURFACE ANO BECOME A SURFACE PLUME OR 
SPREAD UNTIL THE PLUME FILLS THE WATER 
COLUMN. AS LONG AS A PLUME IS SUBMERGED 
ANO NOT TRAPPED, IT DILUTES RAPIDL Y. AS A 
RESUL T, THE DEEPER THE DISCHARGE THE 
BETTER. 

' 

NEIGHBORING PLUMES FROM MUL TIPLE PORT 
DIFFUSERS MAY MERGE ANO BECOME AS A 
LONG LINE PLUME. MERGING .REDUCES THE 
DILUTION RATE. 

i 

1 

1 
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• LINES OF SYMMETRY 

• 

1 
MERGING PLUMES 
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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 ANO DIFFUSER DISCHARGES . 

• 

• 

KNOWING HOW TO RUN THE MODELS ANO 
~ INTERPRETING ANO USING THE RESUL TS ARE 

TWO DIFFERENT PROBLEMS ALTOGETHER. 
THE USER MUST BE EXPERIENCED ENOUGH TO 
KNOW IF THE RESUL TS ARE MEANINGFUL OR 
NOT. MODELS WILL GIVE ANSWERS WITHOUT 
KNOWING WHETHER THEY VIOLATE PHYSICAL 
LAWS. 
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WE WILL BE LOOKING AT: 
1. THE PLUMES INTERFACE AND THE 2 

DIMENSIONAL SUBMERGED DIFFUSER 
MODEL, UM . {UM IS AN UPDATED UMERGE) 

2. THE 3-DIMENSIONAL SUBMERGED DIFFUSER 
MODEL,··uoKHDEN. 

3 . THE 3-DIMENSIONAL SURFACE PLUME 
MODEL, POS. 

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, ANO 
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 ANO A 
QUESTION-ANSWER PERIOD (IF ANYONE CAN 
STICK IT OUT THAT LONG) 
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FUNOAMENTALS OF THE INTEGRAL METHOD 
FLOW RATE = 

Q = ¡ ¡ UdA 
AREA 

USING AN APPROPRIATE VELOCITY PROFILE 
ANO INTEGRATING THE ·VOLUMETRIC FLOW RATE 

Q - K U 82 
- 1 e 

WHERE K1 IS A CONSTANT OEPENOING ON THE 
PROFILE, Uc IS THE CENTERLINE VELOCITY ANO B IS 

THE PLUME RAOIUS 

WHERE 0 2 IS THE FLOW 
AT s + ds ANO 0 1 IS THE 

FLOW AT s, E IS THE 
ENTRAINMENT ANO ds IS 

THE DISTANCE 
BETWEEN 1 ANO 2 



1 , • PLUME MOMENTUM IS GIVEN BY 
I 

1 C) M = J J ARE¡U2dA 

l 
i 
j • INTEGRATING WITH THE SAME PROFILE GIVES 

, . 

• 

r 

M = K2Uc2g2 

WHERE K2 IS ANOTHER CONSTANT DEPENDING ON 
THE PROFILE 

WHERE M2 IS THE MOMENTUM AT s + ds ANO M1 IS 
THE MOMENTUM AT s, F8 IS THE BUOYANCY FORCE 
DUETO DENSITY DIFFERENCES BETWEEN PLUME 
ANO AMBIENT, F0 IS THE DRAG FORCE AMBIENT 
CURRENTS IMPOSE ON PLUME, ANO EUA IS THE 
MOMENTUM OF THE FLUID ENTRAINED INTO THE 
PLUME. 

WITH THE TERMS AT 1 ANO ON ON THE R.H.S OF 
THE EQUATIONS ARE KNOWN, THE VALUES OF M 
ANO Q AT 2 CAN BE CALCULATEO ANO THE 
FOLLOWING RESUL T 



f. 
K1 M2 

UC2 
--j C) 

K2 02. 

Q2 • 
B2 --

K1Uc2 
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PLUME,S - UM MODEL 

UM IS AN INTEGRAL DIFFERENTIAL MODEL BASEO 
ON A LAGRANGIAN FORMULATION. --- IT FOLLOW A 
"PUFF" OF MATERIAL IN THE PLUMEAS IT GROWS 
ANO IS TRANSPORTEO BY THE AMBIENT. IT 
CONSIDERS 80TH POSITIVE ANO NEGATIVE 
BUOYANCY (RISING ANO SINKING PLUMES) 

THE SHAPE OF THE PUFF IS A SLICE THROUGH THE 
PLUME AS SHOWN BELOW. 

' 
h/~ 

AMBIEtt,R._ 
CURRENT 

, , 
, 

, , 

...,/~/SPLACEMEN / 
~F LEADJNG GE 

DUSPLA.CE~"f!ENT 
OF TRI-Hl!NG EDGE 

1 



THE CONSERVATION OF MASS IS EXPRESSED AS: 
• 

-
mt+dt = m 1 + [pAPU ª + ap(2nbh) V]dt 

where: 

• mt+dt is the mass in slice at time t+dt 
mt is the mass in slice at time t 
p is the density of the fluid in the plume 
Uª is the ambient velocity 
AP is the projected area of the slice facing the ambient 
a is an aspiration entrainment coefficient 

• b is the plume radius 
h is the slice thickness 
V is the shear velocity between plume and ambient 

• THE MOMENTUl\,1 ( M = mV) EQUATION IS EXPRESSED AS: 

, .. 
M M- U- dm Pa - p_dt 

t+dt = t + a dt - m p g 

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 

ie 

r 



THE CONSERVATION OF ENERGY, SALINITY, ANO 
• POLLUTANT ARE EXPRESSED AS: 

dmT = T dm· 
dt ª dt 

dmS = S dm 
dt ª dt • 

dmX = X dm -kmX 
dt ª dt 

i • 

where T, S and X are the temperature, salinity, and 
• species concentration respectively. 

e 
Subscript (a) refers to ambient values. The -kmX term is 

• a first arder decay term that is possible with sorne 
pollutants such as coliform. 

: SINCE THE MASS IN THE PLUME IS GIVEN BY 
, m ; prrb 2 h, THE NEW PLUME RADIUS IS GIVEN BY 



, • FROM THE CONSERVATION EQUATIONS, 
TEMPERATURE ANO CONCENTRATIONS CAN BE 
9f3TAINED FROM: 

-
(m Dt+dt = (m1)t + [Ta(PApUa + pAtV)d~ 

• -
(mX)d+dt = (mX) 1 + [X8 (pAPUª + pA1V} - kmX]dt 

• 

DIVIDING THESE EQUATIONS BY mt+dt GIVES THE 
NEW TEMPERATURE ANO CONCENTRATION AT t+dt. 

~ f?IE NEW PLUME VECTOR VELOCITY IS OBTAINED 
FROM THE MOMENTUM EQUATION IN A SIMILAR 

•WAY. 

THE NEW POSITION IS OBTAINED FROM THE 
AVERAGE VELOCITY BETWEEN t ANO t+dt TIMES dt. 

PLUME MERGING IS GEOMETRIC ANO EFFECTS THE 
"•ENTRAINMENT AREAS ONL Y SINC.E PROFILES ARE 
, ASSUMED TO BE "TOP HAT" AS SHOWN BELOW. 
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TOP HAT. 
NO VARIATION 

-:...._______ r 
-------- --------- -----------------f--_____... _____________ ::::--:-:-:-=-.--- ---
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LINES OF SYMMETRY 

1 
1 

1 
: ENTRAINMENT !t SURFACE 

AREA COf,JSIDERE LAP 
AREA NOT 

MERGING PLUMESCONSIÓERED 



, • UM IS ONLY 2-DIMENSIONAL ANO TREATS MULTIPLE 
PORT DIFFUSERS PERPENDICULAR TO THE 
.BIENT CURRENT AS SHOWN BELOW!! 

CURRENT 

---------

• • UM INCLUDES A FIRST ORDER (VERY 
APPROXIMATE) FAR FIELD, AMBIENT DIFFUSION 
MODEL (Brooks Model) GIVEN FOR OPEN OCEAN BY: 

s. s = -----'----

erf 
1.5 

r t (1 + 8Kw 1
•
33
-· )

3 
- 1 

w2 

f where: 
1 Q erf = the standard error function r K = a dispersion coefficient 
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¡ FOR RIVERS ANO SMALL LAKES IT IS GIVEN BY: 
! 

,1. 
1 

'C 

1 

1 

le 

J 

S¡ 
S=-----

erf 
w2 

16Kw413t 

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 "PLUM ES" IS ACTUALL Y AN 

! • INTERFACE USED TO SETUP ANO CHECK INPUT TO 
THE epa PLUME PREDICTION PROGRAMS. THE 
OUTPUT FROM THE PLUMES PROGRAM IS IN A 
FORMAT THAT IS SUITABLE FOR THE UM, UDKHDEN, 
RSB, ANO ULINE PROGRAMS. UM ANO RSB CAN BE 
RUN DIRECTL Y 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 
!t::JPUT UNITS CAN BE SELECTED ANO CONSISTENCY 
1J CHECKED. DEPENDENT VARIABLES ARE 
AUTOMATICALL Y 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 TEfvlP: TEMPERATURE OF EFFLUENT 

FAR INC: INCREMENT BETWEEN PRINTOUTS IN 
FAR FIELD CALCULATIONS 

FAR 01S: DISTANCE FAR FIELD CALCULATIONS 
ARE TO BE CONSIDERED 

PORT DEP: AVERAGE DEPTH OF PORTS FROM 
SURFACE 

PORT DIA: DIAMETER OF PORTS (ALL THE SAME) 
. 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 

VELOCITY 
VERT VEL: VERTICAL COMPONENT OF VELOCITY 
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ASP COEF: ASPIRATION COEFFICIENT USED IN 
ENTRAINMENT (USE DEFAUL T UNLESS 
YOU KNOW OTHERWISE) 

PRINT FRQ: 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. 

PORT ELV: ELEVATION OF PORTS OFF BOTTOM 
VERT ANG: PORT DISCHARGE ANGLE RELATIVE TO 

THE HORIZONTAL(0 IS HORIZONTAL. 90 
IS VERTICAL)(CAN VARY BETWEEN -90 
ANO 90) 

CONT.COEF: CONTRACTION COEFFICIENT 
(FRACTION OF JET DIAMETER TO 
PORT DIAMETER) 

EFt-L. DEN: DENSITY OF EFFLUENT 
(AUTOMATICALLY CALCULATED IF 
TEMPERATURE ANO SALINITY ARE 
INPUT) 

POLL CONC: CONCENTRATION OF POLLUTANT IN 
THE DISCHARGE (ANY VALUES CAN 
BE USED) 

DEC.A.Y: DECAY COEFFICIENT PER DAY 
(ZERO FOR NONE) 
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FROUDE: DENSIMETRIC FROUDE NUMBER 
DEFINED AS 

F = • Uº = MOMENTUM 
0 

~p BUOYANCY 
gDO-

p 

VALUES WITH RED BOXES ARE USUALL Y NOT OF 
INTEREST EXCEPT TO MODELERS . 

HOR ANG: 

RED SPACE: 

P AMB DEN: 
P CURRENT: 

HORIZONTAL ANGLE OF OUTFALL 
PIPE (90 DEGREES MEANS THE 
OUTFALL PIPE IS 90 TO CURRENT 
ANO DISCHARGE IS INLINE WITH 
CURRENT)(IT CAN BE BETWEEN 45 
ANO 135 FOR UDKHDEN) UM JUST 
MAKES THE PORTS CLOSER 
TOGETHER IF THIS VALUE IS 
DIFFERENT FROM 90. SEE RED 
SPACE: 

, ~ FAR DIF: 

EFFECTIVE SPACING IN UM MODEL 
IF HOR ANG IS DIFFERENT FROM 90 
AMBIENT DENSITY AT PORT DEPTH 
AMBIENT CURRENT AT PORT DEPTH 
FAR FIELD DIFFUSION COEFFICIENT 
(USE THE DEFAUL T VALUE UNLESS 
YOU KNOW BETTER) r 
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THIS IS THE LIST EQUATIONS OR GIVE 
DEFINITION OF THIS CELL. IF YOU DON'T 
KNOW WHAT SHOULD GO IN A GIVEN CELL, 

·PRESS "L ANO 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 ANO THE 
NEW FILE IS OPENED . 

IF THE FILE DOES NOT EXIST IT IS CREATED 
ANO FILLED WITH DEFAULT DATA. 
TELLS THE INTERFACE TO STORE THE 
PRESENT DATA IN A NEW FILE. YOU ARE 
PROMPTED FOR A NEW NAME ANO WHICH 
CASES YOU WANT SAVED. (YOU CAN 
SEVERAL CASES UNDER ONE FILE NAME) 
CREATE A NEW CASE UNDEK THE SAME 
FILE OR GO TO DIFFERENT CASE 
TELLS THE INTERFACE TO USE THE IMAGE 
SOLUTION TO SIMULATE SHALLOW WATER. 
THIS OPTION IS ONL Y FOR SINGLE PORTS. 
SHOWS THE INDEPENDENT VARIABLES 
SELECTED 
ADDS THIS VARIABLE TO THE OUTPUT 
TABLE 
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FAR VEL: AVERAGE CURRENT IN THE FAR 
FIELD 

AMBIENT TABLE 
OEPTH: 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. A 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 ONL Y ONE DIGIT ATA TIME IN 
FORWARD HORIZONTAL MOTION 

<ENTER> DOES THE SAME THING AS A SPACE 
BAR. 

AK CHANGE IN THE INPUT UNITS OF THIS CELL. 
SUCCESSIVE ENTRIES OF THIS COMMAND 
CYCLES THROUGH THE ACCEPTED UNITS. 
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"R 

"Y 

"YF 

"YI 

"YC 
"YO 
AYLJ 

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. ATNO0 
WHICH MEANS AUTOMATIC AMBIENT FILL, 
TRANSMIT BROOKS EQUATION, CORMIX 
CATEGORIZATION NOT ACTIVE. O BRUNT 
VAISALA REVERSALS CONSIDERED. 
BRINGS UPA POP-UP MENU WITH 
MISCELLANEOUS OTHER COMMANDS 
INCLUDING: 

CAUSES THE AMBIENT TABLE TO 
AUTOMATICALL Y 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 CALLEO "UDF.IN" FOR USE WITH 
OTHER PROGRA~JlS SUCH AS UDKHDEN 1 

1 
1 

1 
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AYZ 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 ANO ARE CALCULATED BY 
THE INTERFACE. IF YOU TRY TO CHANGE ANY OF 
THE WHITE NUMBERS, THE INDEPENDENT VALUES 
FLASH ANO YOU MUST DELETE ONE TO rv1AKE IT 
DEPENDENT. 

SAMPLE PROBLEM 
A DIFFUSER CONSISTING OF 285 PORTS ON 
AL TERNATE SIDES OF A DIFFUSER. THEY ARE 
SPACED 24' APART ON A SIDE (12' APART ON 
AL TERNATE SIDES) 

TOTAL FLOW = 102 MGD (MILLION GALLONS PER 
DAY) 
EFFLUENT TEMP = 25 C 
EFFLUENT SALINITY = O.O 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 FREO= 100 (GIVE OUTPUT VALUES AT 
DILUTIONS OF APPROXlfvlATEL Y (1,2,4,8, 16, .... ) 

! 
f 
r 
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PORT ELEV .. = 0.84 m 
VERT ANG =HORIZONTAL= O.O (DEFAUL T) 
CONT COEF = 1.0 (DEFAUL T) 
POLLUT CONC. = 100 
DECAY = e = e e-kt IN OUR PROBLEM IT TAKES 1 o . 

HORIZ ANG = 90 

HOUR FOR 90% OF THE 
BACTERIA OF CONCERN TO 
DIE, THEREFORE t90hr = 1 USE 
I\K TO BRING UP t90hr. 

FAR FIEL□ VEL = 15 cm/s 

AMBIENT TABLE 

DEPTH CURR DENS SAL TEMP CONC 
0.00 o 34.99 26.18 

30.48 o 35.00 . 25.60 

45.72 o 35.02 24.95 

60.96 o 35.00 24.60 

76.20 o 35.02 21.22 

DETERMINE THE DILUTION ANO CONCENTRATION 
AT THE TRAPPING LEVEL ANO AT THE END OF THE 
FAR FIELD {2000 n1) 

o 
o 
o 
o 
o 
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RUN UM BY PRESSING ALJ ANO SENO THE OUTPUT 
TO THE CONSOLE 

RESULTS SHOW S=84~58 ANO C=1.15 ATTHE 
TRAPPING LEVEL 
S=172.3(164.2) ANO C=0.485 (.508) AT THE END OF 
THE FAR FIELD DEPENDING ON THE 4/3 POWER 
LAW OR EDDY DIFFUSION MODELS 

ITWOULD BE MORE CONSERVATIVE TO ASSUME 
ALL PORTS ARE ON ONE SIDE OF THE DIFFUSER 
WITH A SPACING OF 12'. MAKE THE CHANGE ANO 
SAVE THE OUTPUT TO A FILE CALLEO SANO.OUT 

YOU DON'T SEE IT THIS TIME SINCE IT WAS SAVE 
ON FILE. YOU CAN PRINT THE SANO.OUT OR LOOK 
AT IT WITH A TEXT EDITOR. YOU CAN ALSO RERUN 
THE PROGRAM ANO SELECT CONSOLE TO VIEW 
THE OUTPUT. THE TRAPPING LEVEL VALUES DON'T 
CHANGE SINCE THE PLUME STILL HAVEN'T MERGEO 
BUT THE FAR FIELO VALUES REDUCE TO 
S=167(149) ANO C=0.50(0.56) OUE TO A SMALLER 
INITIAL WASTE: FIELD SIZE . 

1 

1 
~ 
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NOW LET'S MAKE FOUR CASES 

1: A CURRENT OF 10 CM/S 
2: A CURRENT OF 10 CM/S BUT NO OECAY 
3: NO CURRENT ANO NO DECAY 
4: NO CURRENT ANO NO OECAY BUT A FLOW OF 

250 MGD . 

SAVE THE INPUT FOR THESE FOUR AS FILE 
VARY.VAR. RUN ALL CASES ANO SAVE THE OUTPUT 
ON VAR.OUT. RUN CASE 4 ANO SHOW IT ON THE 
SCREEN . 

FINO OUT WHICH IS THE WORST CASE (LEAST 
DILUTION AT THE TRAPPING LEVEL ANO 
CONCt::NTRATION AT THE END OF THE FAR FIELD) 

TO RUN ALL CASES AT ONCE YOU MUST GO TO 
CASE 1 ANO THEN RUN 4 CASES 

ANSWER: WORST CASE IS NO CURRENT ANO NO 
DECAY. THE EFFECT OF FLOWRATE IS MINOR 
S=76, C=.81 
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UDKHDEN 

UDKHDEN IS A 3-
DIMENSIONAL, 
INTEGRAL PLUME 
MODEL THAT 
CALCULATES THE -
CHARACTERISTICS OF ~ 

~ 

A LINE OF EQUALL Y 
t., 

~T 
~ 
~ 

SPACED BUOYANT Q 

DISCHARGES INTO A 
FLOWING STRATIFIEO AMBIENT . 

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 
ANO NORMAL TO THE AMBIENT CURRENT), Z 
(VERTICAL), Y (HORIZONTAL ANO PARALLEL TO 
AMBIENT CURRENT DIRECTION) 



l .. EQN 4 IS USED ONL Y IN ALGEBRAIC FORM. THE SIX 

II ~ OTHER EQUATIONS ARE WRITTEN FOR A CONTROL 

1 w VOLUME WHICH IS FINITE IN A DIRECTION 
( PERPENDICULAR TO THE JET ANO INFINITESIMAL IN 
1 THE DIRECTION OF THE JET AXIS. l 
l 
l 

! ¡ • 
~ 
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1 
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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 ANO SALINITY OR DENSITY. 

THE INPUT TO UDKHDEN IS IN THE FORMAT OF A 
"UNIVERSAL DATA FILE" THAT IS GENERATED BYTHE 
THE EPA'S PLUMES MODEL. 

NORMALL Y YOU DO NOT NEED TO WORRY ABOUT THE 
FORMAT OF THE INPUT FILE. FOR COMPLETENESS, 
HOWEVER, IT IS GIVEN IN FOLLOWING EXAMPLE: 

l 

f 

1 
l 

1 

1 



SAMPLE INPUT FOR UDKHDEN 
11000000000000 

4. 5 0.500 12. 20. 0.1 O 1.0 
0.0100 90. 1000. 500. 2000. 0.000453 

4 O.O 20. 0.99827 1 OO. O. O 
O.O 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 UN~) 

0.01 

1. THIS RECORD CONTAINS ANY INFORMATION THE USER WISHES 
TO HAVE PRINTED OUT ATTHE TOP OF EACH PAGE. 

THE DATA ENTERED ON THE REMAINING RECORDS ARE 
ENTERED IN FREE OR LIST DIRECTED FORMAT. EACH VALUE ON 
THE UNE MAY BE SEPARATED BY A COMMA OR SPACE. 

*** RECORD NO. 2 *** (SECOND UNE) 

1. INTER. IF INTER=0, ONL Y 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 
! l:'l<~Jr¡l=\! !=~!Tt=Dll\f~ 1 ~ zcºKÜ~ SCPbRA-r, t=r', RV r, cpA· r-r J..;,,. 1.~-I•. _¡, 'c_,-il',\..., ¡~ L..; ..., L. ., • .._,.., ~: :, Vl -...,C 
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*** RECORD NO. 3 *** (THIRD UNE) 

1. QT=TOTAL DISCHARGE FLOW RATE (CUBIC METERS PER SEC) 
2. NP=NUMBER OF DISCHARGE PORTS 
3. PDIA=DISCHARGE PORT DIAMETER (M) 
4. VANG=VERTICAL ANGLE (DEG) OF PORTS RELATIVE TO 

HORIZONTAL (90 DEGREES IS VERTICAL)(LIMITED TO -5 TO 130) 
5. PDEP=PORT DEPTH (M) ANO MUST BE GREATER THAN O.O 

THE OTHER VARIABLES ON THIS UNE ARE NOT USED BY UDKHDEN. 
ENTER ANY NUMBER IN THEIR PLACE. 

*** RECORD NO. 4 *** 

1. UW NOT USED IN THIS PROGRAM. 
2. 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. 

3. SPACE=DISTANCE BETWEEN ADJACENT PORTS (M) (IF THE 
NUMBER OF PORTS IS 1 ON UNE 3 THE SPACE IS SET TO 1000 TO 
PREVENT MERGING. 

THE OTHER VARIABLES ON THIS LINEARE NOT USED BY UDKHDEN. 
ENTER ANY NUMBER IN THEIR PLACE. 

1 

¡ 
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*** RECORD NO. 5 *** 

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 TEMPERA TURE/SALINITY 
OPTION USED OR DISCHARGE DENSITY (GM/CC) IF DENSITY 
OPTION USED. 

3. T=DISCHARGE TEMPERATURE (DEG C} IF 
TEMPERA TURE/SALINITY OPTION USED OR ZERO (O.O} IF 
DENSITY OPTION USED. 

THE OTHER VARIABLES ON THIS UNE ARE NOT USED BY UDKHDEN. 
ENTER ANY NUMBER IN THEIR PLACE. 

*** RECORD NO. 6 *** 

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 
ANO 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 
TEMPERATURE/SALINITY OPTION IS USED OR AMBIENT DENSITY 

,e (GM/CC) IF DENSITY OPTION IS USED .. 
1 3. TA( )=AMBIENT TEMPERATURE (DEG C) AT THIS DEPTH IF 

TEMPERATURE/ SALINITY OPTION USED OR ZERO (O.O} IF 
DENSITY OPTION USED. 

4. UA( )=AMBIENT VELOCITY AT THIS DEPTH (M/S) 

THE OTHER VARIABLES ON THESE UNES ARE NOT USED BY 
' 11Dk'HQC·N· r=!\1 'TER l\!\,JY r-.1;_ '.,r,l!Q;::R ·,r\: Tl-!FIR o: ,/\rF _,1 ~ ,. 1 Ll . L- ._ •,. ,\ ". :'i _ .ViL.l_ ._ . . , ,_ • , _'-'\_, __ 
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REGARDING RECORD NO 5 ANO 6, WHEN USING THE 
• TEMPERA TURE/SALINITY OPTION, IF FOR AN SA{) OR S, THE TA{) OR 

} T IS REALLY ZERO, GIVE TA() OR TA SMALL VALUE LIKE 0.000001. 

i~ 

l 
'-

THE OUTPUT FROM UDKHDEN IS AS FOLLOWS 

1 THE PROGRAM ECHOES THE INPUT VARIABLES THEN 

.

. ,.' • CALCULATES THE DISCHARGE FROUOE NUMBER ANO 
PORT TO OIAMETER SPACING. IT THEN GOES INTO A 
SOPHISTICATEO ROUTINE THAT CALCULATES THE 

\ CHARACTERISTICS OF THE PLUME IN THE ZONE OF 

1 
FLOW ESTABLISHMENT NEAR THE SOURCE ANO 

· PRINTS OUT THE LENGTH OF THE DEVELOPMENT 
'¡'. • ZONE OR STARTING LENGTH. THERE IS USUALL Y A 
.· SLIGHT PAUSE WHILE IT DOES THIS. THEN FOR 

SELECTED INTEGRATION STEPS IT PRINTS OUT THE 
1 FOLLOWING: 
1~ 

tw 
1 
l 

f 
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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 - IS THE LOCAL PLUME FLOW DIRECTION 
RELATIVE TO THE HORIZONTAL WITH 90 
DEGREES BEING VERTICAL . 



t 
1 

l. WIDTH - IS THE DIAMETER OF A SINGLE PLUME OR 
J ,,.. SIDE WIDTH OF MERGED PLUMES (NOT LENGTH SINCE 
; w THAT DEPENDS ON THE LENGTH OF THE DIFFUSER) 

l • 

• 

¡~ 
•• 

DUCL, DRHO, DCCL, ANO DTCL ALL REFER TO THE 
RATIO OF THE LOCAL. OIFFERENCE BETWEEN THE 
LOCAL CENTERLINE VALUE ANO AMBIENT VALUE 
TO THAT SAME DIFFERENCE AT OISCHARGE 
LEVEL FOR VELOCITY, DENSITY, 
CONCENTRATION, ANO TEMPERATURE 
RESPECTIVEL Y. FOR EXAMPLE OUCL = (Ucl - Ua) 
AT ELEVATION Z DIVIDED BY (Ujet - Ua) AT 
DISCHARGE ELEVATION WHERE U IS VELOCITY, el 
IS CENTERLINE, a IS AMBIENT, ANO 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 ANO 1.43 
TIMES THE CENTERLINE DILUTION FOR 
COMPLETEL Y MERGED PLUMES. 

THE PROGRAM PRINTS OUT WHEN THE PLUM ES JUST 
BEGIN TO MERGE, WHEN ANO IF THE PLUME 
REACHES AN EQUILIBRIUM HEIGHT IN A STRATIFIED 
AMBIENT (DRHO BECOMES NEGATIVE AT THIS 
POINT), ANO IF THE PLUME REACHES THE SURFACE. 



., 
THE PROGRAM STOPS ONCE THE 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 ' ◄ x 
PLUME TO YIELD THE 
FOLLOWING SET OF 
GOVERNING EQUATIONS 
WHEN APPLIED TO THE 
COORDINATE SYSTEM 
SHOWN IN SKETCH: 
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CONSERVATION OF MASS: 

00 

d ¡-- urdr=E 
ds 0 

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 

- dT -
d ¡- -¡-- uT rdr = -- urdr 
ds O ds 0 

where T' is the temperature of th~ plume above the 
ambient. 

T(X) = the ambient temperature 



CONSERVATION OF SPECIES 

~ dX. 00 

dl- too¡-- uX¡rdr = - . urdr 
ds 0 ds 0 

where X¡ is the concentration of species i. 

S- MOMENTUM: 

d loo -2 - . 8 e loo (p 00 - p) . e 
- u rdr = U

00
Es1n 1cos 2 + g---rdrs1n 2 

ds o o p 

CURVATURE COMPONENTS OF MOMENTUM 

. d82 . loo (poo - p) EUoosin81sin82 
- = gs1n82 ---rdr - -----
ds o p loo -2 E2 

u rdr--
o 4 

1 
l 

---------
ds 

l
oo E2 

cos82 ( u 2 rdr- -} 
o 4 



THE PROCEDURE IS TO ASSUME PROFILES FOR 
VELOCITY, TEMPERATURE ANO CONCENTRATION 

~ IN TERMS OF CENTERLINE VALUES ANO PLUME 
SIZE. 

¡-
1 
l 
r 
1 
.
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IN UDKHDEN IT WAS ASSUMED THAT: 

~u = ~uc[ 1 -( : r12 r 
T = Te [ 1 - ( : r12r 

were subscript C refers to centerline values and b is 
the plume radius. 

THESE 3/2 POWER LOW 
PROFILES ARE SIMILAR 
TO GAUSSIAN PROFILES 
BUT HAVE DEFINITE 
EDGES AS SHOWN . 

THE ENTRAINMENT 
FUNCTION, E, IS 

PR FILES 

GAUSSIAN 

\✓-! 
--:c:-:_-c-_::~----·····-·-·--

~- B --

REQUIRED FOR CLOSURE. IN UDKHDEN, 

i 
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Before Mergíng. 
ª2 B4b 

E=(a1+F)[bl~UC-Umcos82I(1- L )+apmbsin82] 
L 

After Mergíng 

WHERE L IS THE SPACING BETWEEN PORTS. 

& 

THE COEFFICIENTS a, ARE DETERMINE BY ~ 
EXPERIMENT. 

THE EQUATIONS ARE EVALUATED FOR SMALL 
VALUES OF LlS USING A FOURTH ORDER RUNGE­
KUTTA SCHEME FOR ACCURACY ALONG THE 
TRAJECTORY. IF A REQUIRED -ACCURACY 
CANNOT BE OBTAINED WITH A GIVEN LlS, IT IS 
HALVED AND THE SOLUTION IS TIRED AGAIN. 
THIS IS REPEATED UNTIL PROPER ACCURACY IS 
ACHIEVED. 
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WHEN PLUMES MERGE, THEY ARE ASSUMED TO 
OVERLAP GRADUALL Y GIVING VARIABLE 

~ PROFILES AS SHOWN BELOW ANO THE 
ENTRAINMENT SURFACE IS VARIED 
ACCORDINGL Y AS GIVEN ABOVE. 

AREA 

LINES OF SYMMETRY 

¡ ENTRA.INMENT !t SURFÁCE 

MERGING PL UMES 

"• USING UDKHDEN IN SHALLOW WATER 

Q 
• 

l 

MANY DISCHARGES OCCUR IN SHALLOW WATER 
WHERE THE PLUME FILLS THE WATER COLUMN 

WATER SURFACE 
..... -~.:SZ:--~~~~= 



THIS IS VERY SIMILAR TO THE AREA 
CONSIDERED BY MERGING PLUMES IN UDKHDEN 

Q IF ROTATED BY 90 DEGREES! 

:• SURFACE 

• 

LINES OF SYMMETRY 

IMAGE 
PLUME 

BOTTOM 

AS A RESUL T, 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 ANO SETTING 
THE DEPTH TO A LARGE NUMBER WHICH 
REPRESENT LATERAL DISTANCE. 

TO INTERPRET THE RESUL TS:. 
1. IGNORE THE VERTICAL, Z, COORDINATE 

SINCE IT ASSUMED THAT THE PLUME IS 
CENTERED IN THE RIVER. 

2. WHEN THE PROGRAM INDICATES MERGING, 
IT HAS JUST FILLED THE WATER COLUMN. 
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LIMITATIONS 
USE WITH SINGLE PORT DISCHARGES OR 
MUL TIPLE PORTS WHERE PLUM ES DO NOT 
MERGE. THE RESUL TS CAN'T BE USED 
BEYOND WHERE THE PLUMES MERGE. 

2. VERTICAL DISCHARGES IN SHALLOW WATER. 
3. 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. 

U0 MOMENTUM 
F = -~---_-_-_-=----

º Jg D Llp ¡ p BUOYANCY 
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TH-EORETICAL ~l YSIS 00F THE POS 
PROGRAM 

The theoretical analysis used to develop the three­
dimensional surface plume program {POS) is based 
on an earlier model by Prych. lt was modified to its 
present form by Davis and was tuned to data by 
Shirazi, hence POS (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) . 
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The method of analysis is an integral approach 
which assumes similarity of temperature and velocity 
profiles and the principie of entrainment. The profiles 
assumed are Gaussian such that: 

where r, and Z are distances perpendicular to the 
plume centerline in the lateral and 

(2) 



• 

vertical directions, respectively, Te and Uc are the 
Centerline temperature and Velocity respectively and 
V is the ambient velocity . 

With the temperature and velocity profilesassumed, 
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 

Q = f Í)U,)dr¡dZ = rrHB( ·~ + Vcos0) (4} 

where the limits of integration far V cos 8 are taken 
as the bottom half of the region: 

Solving (3) for U, yields 

U = 2 ( Q - Vcos0) 
nHB 

(5} 

(6} 



f The heat flux, J,is: 
¡e 

i .J. = ff U T dridZ = rr TBH( U+ V cose)= QT 
,IJ A'' 2 2 2 

, The momentum flux, M, is: 

M = ff U 2dridZ = rrBH ( U + Vcos8)2 
= Q 

2 

~ • A ' 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 = dQI_+ dQ'ª 
ds ds 1 ds 

The jet and ambient contributions are both divided into 
vertical and horizontal components. The horizontal jet 
entrainment fluid is: 

o 

(7) 

(8) 

(9) 

dQ J -1
1
-h = 2E0 llUdZ (10) 

ds • 
-V2H 

where 

llU = (U 2 
+ V2 sin2 8)112 exp(-Z 2/H 2

) (11) f 



l and E0 is an entrainment coefficient. 
f' {9) we obtain: 
1 e dQljJr = .[nHEO(U 2 + V2 sin8)112 

ds 

, The vertical"jet entrained fluid is: 

fia 
dQ J -11-v = 2 EilUv dí) 
ds ' o 

By inserting ( 1 O) into 

(12) 

(13) 

where E = E
0
f(Ri) and Ri is the local Richardson number 

given by: 

¡e R. = {2 H T(s,ri,o) 
1 

F 2 ilU2 
O V 

(14) 

• 
The function f(R¡) is a curve fit to data. lt is: 

f = [exp(-5 R;) - 0.0183]/ 0.982 (15) 

1 
The velocity difference LiUv is given by: 

,_ 11Uv = [U 2exp(-2ri2/B 2
) + V2 sin2 8]1 12 (16) 

r 

The term T is the surface excess temperature at a 
distance ri from the plume centerline. The value of the 

~tegral (12) is determined numerically in the program. 



1 
1 r The effective entrainment due to ambient turbulent mixing 

_J O calculated as follows: 

(17) 

• 
(18) 

where eh and ev 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: 

/2.B 
dJ. f 
- = -2 K Trdll = V"KTB 
ds 0 

where K is a dimensionless heat exchange coefficient. 
Substituting ( 18) into ( 1 O) yields: 

dT T e dQ 
- = --(2vnKB + -) 
ds Q dS 

(19) 

(20) 



!. The conservation of momentum is applied in the s-i direction and then divided into X and Y components. The 
•• Get forces on the plume are balanced by the change in 

momentum flux. The forces considered important are (a) 
, . the internal pressure forces dueto buoyancy, (b)_form 
, drag dueto ambient currént and (c) interfacial shear 
• forces. 

,. 
1 

• 

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: 

(21) 

The form drag acting normal to the plume centerline is 
assumed similar to the drag on a salid body such that 

F0 = _!_J2c0 HVIVI sin2 0 
2 

where C0 is a drag coefficient. 

(22) 



,. 
1 
¡ q.he interfacial shear forces are assumed to be similar to 

turbulent flow over a flat surface with a boundary layer 
thickness of_ (2}112H anda 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: 

• 

• 

ji.e 

SFx = CF( 
1 

)114 J Au:'
4
[Vsin2 e 

ReH o 

- U cose exp(-r¡2
/ a 2)]drt 

/2.a 
SFv = -CF( 

1 
)114 J AU:

14
[Vcos8 

ReH o 

- U exp(-r¡2
/ B 2)]dr¡ 

where CF is a friction coefficient and Re is the jet 
discharge Reynolds number. The value óf CF is 
determined by experiment. 

(23) 

(24) 

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: 

e 



t• 

i 
1 ~[(M+P)cos8] = SFx + F0 sin8 + VdQ/ds 

ds 
(25) 

(26) 

• 
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, 

d8 - -

os 

SFycos8- SFxsin0-F0 Vsin8(dQ!ds) 

02 + vn TH2B 
rrBH 2F2 

o 

(27) 

Differentiating ·M and P, multiplying (24) by cos ~ and (25) 
by sin 8 and combining yields equation (27). 

dH = [SFysin8 + SFxcose 
ds 

i•+ (Vcos8 -2QlnBH)(dQ/ds)-(VTT BH 2l2F:)(dT/ds) 

j + (Q 2/nBH - VTTH 2t2F';)(dB!ds)] • 

1 [{r"rTHB/2F: - Q 2/nBH 2r 1 

1 

' ¡ " l .., 
,. 
1 
i 
,/ 

1 

(28) 

l 



1 
• lt is noted that this expression far change in depth is 
, O,defined when the denominator is zero. Hence, results 

beyond this singularity are questionable. 

Momentum in the lateral direction is included only 
..• indirectly through lateral spreading. lt is assumed that the 

contributions to spreading by non buoyant horizontal jet 
mixing and buoyancy are independent of one another 
such that 

dB ( dB) ( dB) 
ds = ds nb + ds b 

(29) 

·• ehere the subscripts b and nb denote buoyant and non­
\ ouoyant terms. the non-buoyant spreading is found by 

writing equation (27) without the buoyancy terms and • • assum1ng that 

( 
dB/ds) = (BIH)(dQ/ds)hl(dQ/ds)v (30) 

dH/ds nb 

!. where {dQ/ds)h and (dQ/ds)v are the horizontal and 
) vertical entrainment rates. • 
1 

SFysin8 + SFxcos8 + (Vcos8 -
2Q ) dQ 

(
~) n~ ~ 
ds nb = ---(-Q-2/_n_B_H)_[(-d-Q/_d_s)-/-(d_Q_/d_s_)h_+_1_] -

e ,· 
.J 

( 31) 
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. ' C.he spreading due to buoyancy is assumed to be a 
function of the local excess density ratio, plume depth and 
aspect ratio. su.ch that 

2 
(32) 

lt is noted that this also has a singularity. Due to 8/H 
usually being large, this singularity is not encountered in r most problems. 

l 
!~ 

• 
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, d8/ds and dBids are calculated. With these 
known, dH/ds can be calculated. These derivatives are 

,. integrated step-wise along the plum~ trajectory to give 
• local values of X, Y, T, H, B, 8, and Q. The method of 
, integration is a very accurate Hamming's Predictor 

Corrector method (similar to a fourth-order Runge Kutta). 



l ,n arder to start the integration within the developed zone 
~here the above analysis is valid, starting conditions must 
~e calculated. These are determined by a simplified 
analysis of the development zone and assuming that the 
development length is given by the equation • 

• si = 5.4 ( ; : r~ (33) 

where A is the discharge flow area and FO is the 
discharge densimentric Fraude number. 

COMPUTER PROGRAM 

The POS program is written in FORTRAN 77 and 
consists of a main program entitled POS and five 
subroutines, KHPCG, AREA, FCT, RED, and OUTP. 

The main program, POS, prompts th~ user far 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 



J stepwise integration of differential equations by the r Hamming Predictor-Corrector Method. 

1 
~ubroutine SIGMAT is a subroutine that calculates the 

'. density of the water as a function of temperature and 
: salinity. lt 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 

• 

je 

J 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 ANO 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 

..• input variables required are: 

1) A run title ( one line) 

2) The discharge flow rate in m3/s 

3) The díscharge channel width, m 

¡e 
• 4) The discharge channel depth (assumed 

rectangular), m 

5) The ambient current, mis 

6) Discharge angle relative to the current, 
degrees (zero is downstrean:, and 90 is 
perpendicular to current) 

7) Discharge water temperature, C 

1 
~ 8) Ambient water temperature, C 

í 
l 
j 
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9) Salinity, ppt (both discharge and ambient 
assumed the same). lf fresh water, use a small 
salinity such as 0.01. 

1 O) 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.) 



f 
f r ¿he output consists of the following: 

The program plots a r 

trajectory on the screen and 
shows the centerline dilution • 10 

• at selected points if you 
choose the graphics version. 10 

To clear the graphics, press 
the enter button. 

A graphics version is being r worked on that gives contours. 

The output file contains: 

100 200 300 400 X 

1) X, distance downstream in the direction of 
current, m. 

2) Y, distance perpendicular to current, m 

3) Cef1terline excess temperature (temperature 
above ambient), C. 

4) Time of travel to this point along centerline, 
sec. 



1 

~ 5) Q/QO, average plume dilution, total flow in 
plume divided by discharge flow. 

1~ 
f 

6) QM/QÓ, mínimum dilution at plume centerline. 

7) DEPTH, plume depth, m, J202 

8) WIDTH, plume width, m , 2 J208 

9) AREA, surface area within specified excess 
temperature isotherms, m2

. These are given far 
each 1/2 degree of ex~ess temperature. (lf the 
simulation is terminated befare a particular 
isotherm is reached on the plume centerline, only 
a partial area is given) 



, PLEASE NOTE: The program does not keep track of 
.. ~eceiving water boundaries, i.e., shore or bottom. The 
~ser 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. lt may not agree exactly 
tq each specific case but should give reasonable answers 
if boundaries are not encountered. 

'~ 

1 The program checks its own accuracy at each integration 
•. step. lf the accuracy is poor, it repeats the calculations 

for that step with the step size cut in half. lf the accuracy 
is still poor, it continues to half the step size until it 
reaches satisfactory accuracy. lf 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. lt also occ~sionally occurs for 
certain combinations of current, density difference, and 
discharge direction. When it does, try changing input 
variables a small amount. 
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RUNNING THE PROGRAM 

Copy .EXE files on one of the source disks to one of 
your formatted working disks ar to your hard 
drive. (hard drive best) 

Store the source disks in a safe place. 

lf you are working from your hard drive, change your 
directory to the directory where you copied PDS.EXE 
and type POS. or PDSMS if you want graphics. 

lf you are working from floppies, put the working disk 
in your computer's A: drive and type A:PDS if you 
want the regular POS or PDSMS if you want POS with 
graphics. 

Answer all questions regarding far your particular 
discharge and ambient conditions. 

5. When the program prompts you far an output file, 
type in the name of an non existing file where you 
want the output to be stored. lf you do not want the 
output stored and just want to see the results, type 
CON ar TTY. (This does not work in graphics mode) 
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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 befare 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. lf so, make the changes and it will re­
run the previous case· with your new changes. 

7. lf 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 ANAL YSIS, 
PREDICTION ANO DESIGN OF DISCHARGES INTO 
AQUEOUS ENVIRONMENTS. IT HAS AN EXPERT SYSTEM 
SHELL THAT CONTROLS ANO ANALYZES INPUT ANO 
OUTPUT. 

TO OBTAIN SERVICE, UPDATES ANO 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 
DIRECTL Y 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. 
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THE USER DECIDES WHETHER TO USE 

CORMIX 1 - FOR SINGLE SUBMERGED 
DISCHARGES 

CORMIX 2 - FOR MUL TIPLE PORT DIFFUSERS 
INCLUDING UNIDIRECTIONAL STAGED, 
ANO AL TERNATE PORT DIFFUSERS. 

CORMIX 3 SURFACE DISCHAGES 

AFTER THE APPROPRIATE MODEL IS SELECTED: 

THE SYSTEM IS DIVIDED INTO SECTIONS: 

DATIN IN THIS SECTION INPUT VALUES ARE ENTERED 
ANO ANAL YZED 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 ANO REGULATIONS EVALUATED 



1 SOME GENERAL COMMENTS 

1. CORMIX IS NOT ALWAYS CONSISTANT IN 
PREDICTIONS WHEN GOING FROM ONE FLOW 
CLASS TO THE NEXT. (JUMPS) 

2. VELOCITY VARIATIONS ARE NOT ALLOW EITHER IN 
THE HORIZONTAL OR VERTICAL DIRECTIONS. 

3. DENSITY CALCULATIONS USING TEMPERATURE 
ANO SALINITY ARE NOT MADE. EITHER USE FRESH 
WATER WITH TEMPERATURE OR OTHER 
INCLUDING SALT WATER WHERE THE DENSITY 
MUST BE ENTERED. 

4. 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. 

5. WHEN AN ERROR IS MADE ON INPUT, THE WHOLE 
SECTION MUST BE REENTERED. 

6. CORMIX 2 USES AN EQUIVALENT SLOT CONCEPT 
FOR MUL TIPLE PORT DIFFUSERS WHERE THE 
INLINE, ALTERNATING OR STAGED ARE SIMULATED 
BY A SLOT DISCHARGE THAT HAS THE SAME FLOW 
ANO MOMENTUM AS THE MULTIPLE. THIS IS OK IF 
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. 

7. RIVERS ARE SIMULATED AS RECTANGULAR. 
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8. THE PROGRAM AUTOMATICALLY ACCOUNTS FOR 
QUANDA ATTACHMENT TO THE BOTTOM 

7. THE PROGRAM AUTOMATICALLY ACCOUNTS FOR 
SHORE ATTACHMENT ON EITHER BANK AND 
RECIRCULATION. 

9. THE PROGRAM SIMULATES DISCHARGE AT 
VARIOUS VERTICAL ANO HORIZONTAL ANGLES. 

10. THE PROGRAM AUTOMATICALLY DETERMINES IF A 
DISCHARGE IS IN COMPLIANCE WITH 
REGULATIONS IF THEY ARE ENTERED. 

11 . CMC TOXIC MIXING ZONES ARE EVALUATAED 
• BASED ON U.S.A. REGULATIONS. THEY·MAY NOT 
APPL Y TO OTHER COUNTRIES. 

12. FAR FIELD CONDITIONS ARE CALCULATED·. 

CORMIX INPUT PROCEDURE 
INPUT TO ALL THREE CODES IN CORMIX ARE SIMILAR 
ANO ARE HANDLED INTERACTIVL Y USING AN EXPERT 
SYSTEM ANAL YZER. PROMPTS FOR INPUT ANO 
EVALUATES ANSWERS. IT CONSISTS OF: 

1. A SITE SPECIFICATIN 
2. A CASE SPECIFICATION 
3. AN OUTPUT FILE NAME (LIMITEO TO 8 

CHARACTERSS WITHOUT EXTENSION). CORMIX 
AUTOMATICALLY SAVES SEVERAL FILES IN THE 
CMXn\SIMn SUB DIRECTORY INCLUOING OUTPUT 
(fn.CXO), SUMMARY (fn.CXS), ANO INPUT. 



4. AMBIENT DATA: 
A) IS IT BOUNDED OR UNBOUNDED? IF BOUNDED 

GIVE RECTANGULAR WIDTH ANO DEPTH ANO 
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. 

H = H [Q2 l¾ 
2 1 a1J 

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 ANO THE ACUTAL DISCHARGE 
DEPTH. 

B. MANNING'S N OR DARCY FRICTION 
FACTOR 

C. AMBIENT FLOW OR VELOCITY 
D. 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 
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AMBIENT DENSITY STRATIFICATION 
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r~ OUTFALL CONDITIONS 

1. THE OISTANCE FROM THE OUTFALL TO NEAREST 
SHORE ANO WHICH SHORE. 

2. IF A OIFFUSER, ITS LENGTH AND DISTANCE FROM 
SHORE TO BOTH ENDS. (THEY MUST AGREE IF THE 
DIFFUSER IS ATAN ANGLE, THIS CAN BE A PAIN) 

3. VERTICAL DISCHARGE ANGLE (THETA) 
4. HORIZONTAL ANGLE. IF SINGLE PORT, ANGLE OF 

PORT RELATIVE TO CURRENT (SIGMA) 

IF DIFFUSER, THE ANGLE THE. DIFFUSER MAKES 
WITH THE CURRENT (GAMMA) ANO THE ANGLE THE 
PORTS MAKE WITH THE OIFFUSER (BETA) 

5. IF A DIFFUSER, INOICATE WHETHER IT IS 
UNIOIRECTIONAL, STAGEO, ORAL TERNATING. 

6. DISCHARGE FLOW OR VELOCITY 
7. EFFLUENT DENSITY OR TEMPERATURE 
8. PORT DIAMETER AND SPACING IF DIFFUSER. 

IF A SURFACE DISCHARGE FROM A CHANNEL GIVE 
WIDTH, DEPTH, FLOW DIRECTION, AND 
PROTRUSION INTO AMBIENT WATER BODY. 

9. CONCENTRATION OF POLLUTANT IN DISCHARGE. IF 
THERMAL DISCHARGE, EXCESS TEMPERATURE IS 
REQUIRED. 

1 
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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 A REGULATORY MIXING ZONE, RMZ, EXISTS, THE 
CCC ANO SPECIFICATION OF THE ZONE MUST GE 
GIVEN. 

3. THE REGION OF INTEREST, ROi IS THE LIMIT TO 
RUN THE MODEL. 

A DATA CHECKLIST IS AVAILABLE FOR ALL THREE 
MODELS. THEY HELP TO ORGANIZE YOUR INPUT ANO 
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 
VAR1ABLES ENTERED.AND GIVES DESCRIPTIVE 
MESSAGES AS TO THE TYPE OF PLUME ANO 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. 

t 
I ¡ 
\ r 
l 
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TABLE 2 INPUT DATA CHECKLIST FOR CQr).MÍXl 

CORMIX1 - Submerged single port discharges - CORMIX1 
-

SITE/CASE IDENTIFIER: Prepared by: 
Site Name 
Discharger 
Pollutant Date prepared: 
Design Case 
DOS FILE NAME 

AMBIENT DATA: 
Bounded ar unbounded? 
Channel width m 
Channel depth m 
Depth at discharge m 
Ambient flowrate m3/s or: Ambient velocity mis 
Manning's n or: Darcy-Weisbach f 

- -------------
Density data: Oensity units: kg/m3 

Fresh or salt water? T emperature units: ·e 
Oensity ar temp. values 7 
lf uniform: lf ~1rs11ified; 
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) 7 
Oistance to nearest bank m 
Vertical angla (THET AJ • 
Horizontal angle (SIGMA) • 
Port height m 
Port diameter m ar: Port area m2 
Discharge flow rate m3/s ar: Discharge velocity m/s 
Discharge density kg/m3 ar: Discharge temp. ºC 
Concentration units 
Discharge concentration 

MIXING ZONE DATA: 
Is effluent toxic? lf yes: CMC value 

CCC value 
Is there a WQ standard for 

conventional pollutant? lf yes: value of standard 
Any mixing zone specified? lf yes: distance m 

or width (% or m) 
or area (% ar m2) 

Region of interest m 
Grid intervals for display 

Date of data input into CORMIX1: 
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TABLE 3 INPUT DATA CHECKLIST FOR CORMIX2 
1 

CORMIX2 - Submerged multiport diffuser discharges - CORMIX2 

SITE/CASE IDENTIFIER: Prepared by: 
Site Name 
Discharger 
Pollutant Date prepared: 

• Design Case 
DOS FILE NAME 

AMBIENT DATA: 
Bounded or unbounded7 
Channel width m 
Channel depth m 
Depth at discharge m 
Ambient flowrate m3/s or: Ambient velocity mis 
Manning's n or: Darcy-Weisbach f 

--------
Density data: Density units: kg/m3 

Fresh or salt water? Temperature units: ·e 
Density or temp. values7 
lf uniform: lf 151ra1ifi~d; 
Average density/temp. Density/temp. at surface 

Density/temp. at bottom 
Stratification type 
(Pycnocline height m) 

1 
(Density/temp. jump ) 

DISCHARGE DATA: 
Nearest bank (left/right) 7 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) o Horizontal angle (SIGMA) o 

Vertical angle (THET A) o Rel. orientation (BETA) • 
Port height m 
Discharge flow rate m3/s or: Discharge velocity mis 
Discharge density kg/m3 or: Discharge temp. ·e 
Concentration units 
Discharge concentration 

MIXING ZONE DATA: 
Is effluent toxic7 lf yes: CMC value 

CCC value 
Is there a WQ standard for 

conventional pollutant7 lf yes: value of standard 
Any mixing zone specified7 lf yes: distance m 

or width (% or m) 
or a rea ( % or m2) 

Region of interest m 
Grid intervals for display 1 

Date of data input into CORMIX2: 
k 

1 
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TABLE 4 INPUT DATA CHECKLIST FOR CORMIX3 

CORMIX3 - Buoyant surface discharges - CORMIX3 

SITE/CASE IDENTIFIER: Preparad by: 
Site Name 
Discharger 
Pollutant Date preparad: 
Design Case 
DOS FILE NAME 

AMBIENT DATA: 
Bounded or unbounded7 
Channel width m 
Channel depth m 
Ambient flowrate m31s or: Ambient velocity 
Manning's n or: Darcy-Weisbach f 
--- -
Density data: 
Fresh or salt water? 
Density or temp. values7 
Average density kglm3 or: Average Temperatura 

DISCHARGE DATA: 
Discharge located on lgfilrighI bank7 
Discharge configuration (flush, protruding, or coflowing) 

Horizontal angle (SIGMA) • lf protruding: 
Depth at discharge m Distance from bank 
Bonom slope (THET AB) • 

lf rectangular cross-section: lf circular cross-section: 
Discharge channel width m Outlet pipe diameter 
Discharge channel depth m 

Discharge flowrate m3ls or: Discharge velocity 
Discharge density kglm3 or: Discharge temp. 
Concentration units 
Discharge concentration 

MIXING ZONE DATA: 
Is effluent toxic7 lf yes: CMC value 

CCC value 
Is there a WO standard for 

conventional pollutant7 lf yes: value of standard 
Any mixing zone specified7 lf yes: distance 

or width ( % or m) 
or are a ( % or m2) 

Region of interest m 
Grid intervals for display 

Date of data input into CORMIX3: 

mis 

·e 

m 

m 

mis 
·e 

m 

1 

1 
l 
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IT GIVES A SECTION ON THE MIXING ZONE, TOXIC 
REGION ANO REGION OF INTEREST. UNFORTUNATEL Y 
OUTPUT IS REPRESENTED BY COMPUTER VARIABLES 
THAT THE USER MUST BE FAMILAR WITH 

HYDRODYNAMIC OUTPUT IS DIVIDED INTO MODULES 
SUCHAS: 

1. DISCHARGE MODULE 
2. WEAKL Y DEFLECTED WALL JET 
3. STRONGL Y DEFLECTED WALL JET 
4. BOUNDAY IMPINGEMENTNERTICAL MIXING 
5. BUOYANT SPREADING 
6. PASSIVE AMBIENT MIXING 

BEFORE EACH MODULE IT DEFINES THE VARIABLES 
ANO COOROINATE 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 
REPORTEO. WHEN THE MIXING ZONE EDGE IS 
REACHED IT IS REPORTEO. 

IF SUGGESTIONS ARE DESIRED REGARDING 
IMPROVEMENTS FOR THE DISCHARGE, CORMIX WILL 
GIVE THEM. 
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SURFACE DISCHARGE FIGURES. 
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STRATIFICATION FIGURES. 
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1 DIFFUSER ANGLE DEFINITIONS 
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PSY - River Model 

THE PSY RIVER MOOEL IS FOR SHALLOW RIVERS 
ANO SHORE ATTACHED PLUMES. IT IS APURE 
OIFFUSION MOOEL BASED ON AMBIENT 
TURBULENCE. IT OOES NOT CALCULATE THE NEAR 
FIELD WHERE JET ENTRAINMENT ANO TURBULENCE 
CAUSES INITIAL DILUTION. THIS MUST BE ADDED 
SEPARATEL Y IF DESIRED. 

IT DOES INCLUDE THE EFFECTS OF 80TH SHORES 
ANO THE PLUME FILLING THE RIVER. IT ALSO 
INCLUDES THE EFFECTS OF RIVER SENOS ON THE 
DIFFUSION. 

FAR SHORE ....... -· ·-
--•■--•·- -■---■■..-i!!! 

---·· -■■---
CONTOURS 

- -----··---.. ...._ 
-----·· -------■■-

DISCHARGE NEAR SHORE 

1 

1 
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1 
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1 
1 
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1 IT IS BASED ON THE THEORETICAL DEVELOPMENT 
BY P.P. PAILY ANO 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: 

ac -
-=-VC•U+ev2 c 
at m 

-
where C = C + C 

-
andU = U+ U 

USING THE STANDARD TURBULENCE ASSUMPTIONS 
THESE EQUATIONS REDUCE TO: 

ac ac a ac 
- + U¡ - = - - E¡-
at ax. ax. ax. 

' ' ' 
WHERE e, IS THE TURBULENT DIFFUSION 
COEFFICIENT IN THE 1th DIRECTION. 

WHEN DEPTH AVERAGED CONDITIONS ARE USED, 
THE VERTICAL DIRECTION DISAPPEARS. 

1 
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l 
( IF THE THE DIMENSIONLESS DISTANCE ACROSS 
J ~ THE RIVER IS REPLACED BY THE DIMENSIONLESS 

FRACTIONAL RIVER FLOW, p = q I Q, SUCH THAT P 
IS O ON THE NEAR SHORE ANO 1 AT THE FAR 
SHORE, THESE EQUATIONS REDUCE TO: 

ac = 0 a2c 
ax ap2 

where D IS TRANSVERSE DIFFUSION COEFFICIENT. 

THE SOLUTION OF THIS EQUATION USING THE 
APPROPRIATE BOUNDARY CONOITIONS IS: 

p 1 

C(p,X) = ¡ C; (~.O} 
1 e <P ~>2 dl, 

pO ~ 

where C¡ IS THE INITIAL SOURCE STRENGTH AT X=0 
IF AN INITIAL OILUTION IS DEFINEO AS P = a Q

0 
I Q, 

WHERE Q0 ANO Qr ARE THE OISCHARGE ANO RIVER 
FLOW RESPECTIVEL Y ANO THE FAR SHORE IS 
CONSIDERED USING AN IMAGE ANAL YSIS THE FINAL 
SOLUTION IS: 

C(p,x) - Ca 1 p + p p _ p 
------ F, -- -F, -- + 

C0 -C8 a aP aP 



1 

~ 

• 

p+P p-P a 
[C(p ,x} - Ca] F, -F - r 

co - ca oP oP 

00 

2n + (p - P) F, -F 2n - (p - P) 
E + r 
n 1 oP oP 

00 

2n - (p + P) F, -F 2n + 9p + P) 
E r 
n 1 oP oP 

where 
0

P = J
2

Dx IS THE STANDARD DIVIATION IN 

p OOMAIN, C
0 

ANO CA ARE THE OISCHARGE ANO 
AMBIENT CONCENTRATION. THE FUNCTION: 

+ 

Fr IS THE STANOARIZEO MOMULATIVE NORMAL 
OISTRIBUTION FUNCTION CORRESPONOING TO THE 
PROBABILITY FUNCTION: 

p ~ 

f ( 7 ) 1 1 2 oP 
r p -~, X = - --e 

oP ~ 

r 
1 
1 

1 



I ,,. 

le 

• 

THE SUMMATION TERMS COME FROM THE IMAGE 
SOLUTION REPRESENTING REFLECTIONS FROM THE 
FAR SHORE. ONL Y THE FIRST 4 FOR 5 ARE NEEDED 
FOR REASONABLE ACCURACY. 

THE EQUATIONS CAN EASIL Y BE SOLVED USING A 
COMPUTER. THE MAXIMUM CONCENTRATION AT 
THE NEAR SHORE IS WHERE p = O. 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: 

-

0 = a n.fg (d}s,s 
o.os3 a2 

WHERE d IS THE AVERAGE RIVER DEPTH, 8 IS THE 
RIVER WIDTH, n IS MANNINGS n, g IS GRAVITY ANO a 
IS A DIFFUSION COEFFICIENT GIVEN BY: • 



f 
fe 

• 

-
a = O .4 ( B )2 ( Ü )2 ( ~ )2 

d U* re 

WHERE u* IS THE SHEAR VELOCITY, (gdS}
112

, SIS 
THE ENERGY GRAOIENT FROM MANNING'S 
EQUATION, ANO re IS THE RIVER CURVATURE. FOR 
STRAIGHT RIVERS re IS SET TO 25 B. THE PROGRAM 
ALLOWS FOR OIFFERENT COEFFICIENTS FOR 
DIFFERENT REACHES OF THE RIVER. 

PROGRAM INPUT ANO OUTPUT 
PROGRAM INPUT CAN BE EITHER INTERACTIVE OR 
BATCH FROM AN INPUT FILE. FOR THE INTERACTIVE 
MOOE, RUN THE PROGRAM ANO ANSWER 
QUESTIONS. INFORMATION NEEOED IS: 
1. TITLE INFORMATION 
2. EFFLUENT FLOW IN m3/s 
3. RIVER FLOW IN m3/s 
4. INITIAL CONCENTRTION 
5. AMBIENT CONCENTRATION 
6. INITIAL DILUTION (1 - 4) 1.0 BEING NO OILUTION 
7. NUMBER IF SUB REACHES IN RIVER 
8 .... INPUT FOR EACH SUB REACH GIVING re, B, d, 
S(SLOPE), ANO DISTANCE TO END OF SUB REACH in 
meters. 



TO MAKE IN INPUT FILE: 

Title I nformation 

ºº 
Qr 

eº 
ca 
a 
Number is reaches 
re, B, d, S, Distance (m) to downstream end of subreach 
(one line far each sub reach starting at discharge) 

OUTPUT 
OUTPUT CONSISTS OF THREE TABLES AS FOLLOWS: 

DISTANCE O/S CMAX- Ca DILUTION 

X. X X 

X. X X 

X. X X 

. . . 

. . . 



CONCENTRATION AREA MAXWIDTH 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 0.05 ......... 

01ST. 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 

!~ 

1-
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Prob!em Ne 1 

UM. UDKHDEN. CORMIX SAMPLE PROBLEM 
A DIFFUSER CONSISTING OF 285 
PORTS ON AL TERNA TE SIDES OF 
A DIFFUSER. THEY ARE SPACED 
24' APART ON A SIDE (12' APART 
ON AL TERNATE SIDES) 

TOTAL FLOW = 102 MGD (MILLION 
GALLONS PER DA Y) 
EFFLUENT TEMP = 25 C 
EFFLUENT SALINITY = O.O PPT 
DEPTH OF CENTER PORT = 70 m 
(MLLW) 
PORT DIAMETER = 8.5 cm 
PORT ELEV .. = 0.84 m 

◄ 

VERT ANG =HORIZONTAL= O.O (DEFAULT) 
CONT COEF = 1.0 (DEFAUL T) 
POLLUT CONC. = 100 
HORIZ ANG = 90 
FAR FIELD VEL = 15 cm/s 

DEPTH m CURR DENS SAL ppt 

0.00 o 34.99 

30.48 o 35.00 

45.72 o 35.02 

60.96 o 35.00 

76.20 o 35.02 

285 PORTS 

24' .___.. 
1 24' 
◄--~ 

~ 
i 
! 

! CURRENT 

l 

TEMPC CONC 

26.18 

25.60 

24.95 

24.60 

21.22 

DETERMINE THE DILUTION ANO CONCENTRATION AT THE TRAPPING 
LEVEL ANO AT THE END OF THE FAR FIELD (2000 m) 

1 ► 

o 
o 
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Problem No. 2 

CORMIX, UDKHDEN, UM CASE STUDY: 

DISCHARGE: 

RIVER: 

OUTFALL: 

Regulations: 

Q.082 m3/s, FRESHWATER AT 25 C 

NARROW-SHALLOW, the 7010 O= 8.1 m3/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. 

Case 1 : Single port discharge 8-in(20 cm) diameter pointed 
downstream. Located 30 m from right bank on O. 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 nozzles 2.5-in (0.0635 m) 
in diameter point downstream. 

RMX is 1000 ft downstream (304.8ml. The required dilution is 50. The 
effluent is not toxic as a result no TMX (ZID) exists. 

Will either of the proposed outf alls work? 

1 



A municipal sewage treatment plant discharges treated sewage into a bay. A multiple port diffuser is being 
studied to reduce chlorine 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. 
Ports point downstream (at 45 degrees to the 
current) and up at an angle of 32 degrees with the 
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 diameter is 1 O 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 1 O cm. (2nd leg of the 
y diffuser opened). The effluent is freshwater at 
20C 

CURRENT 

AMBIENT The ambient is sea water with a salinity of 28 ppt The 

o 

1 

3 

worst case condition is when the current is low at 0.006 mis and there is density 
stratification. The low tide depth is 1 O m. Temperature stratification under worst 
conditions is measured to be. 

Te~p~rature - e 

22.S 

ll.4 

l - . 2 

Regulations: The minimum dilution at the edge ofthe mixing zone must be at least 30. The 
mixing zone is defined as that location where the plumes fill the water column or is 
trapped. 

1 
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Problem No. 4 

UDKHDEN CASE STUDY 

A textile plant discharges waste water into a shallow river. Conditions are as follows: 

DISCHARGE: 0.044 m3/s of fresh water at 21.5 C through a single 0.318 m diameter 
port. lt is discharged horizontally, normal to the river current. 

RIVER: 

REGULATIONS: 
downstream. 

100 m wide, 3.0 m deep, 0.366 m/s average current. Average temperature 
= 21 e 

Dilution must be at least 75 within a mixing zone of 100 meters 

Use the image method to simulate discharge into a shallow river and estímate the dilution at the 
edge of the mixing zone. Determine where the plume fills the water column. Estímate the width of 
the plume 100 m downstream. 

1 



Problem No. 5 

UDKHDEN, UM AND CORMIX2 CASE STUDY 

A paper mili discharges colored waste water into the ocean from a submerged diffuser. The 
following specifications apply: 

Oiffuser: 

Discharge: 

Ambient: 

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 ali ports are open ali the time. As a result,2, 
and 4 ports must be considered. The center of the diffuser is 7.0 meters below 
MLLW. 

The effluent is fresh water with a density of .9974 gm/cc. The maximum discharge 
rate is 13 mgd (0.56 m3/s). 

The ocean is stratified during the winter conditions being considered as follows 

Depth - m Oensitv gm/cc current mis 

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. 



Problem No. 6 

POS 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. lt 
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/m3

) 

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. Check to see if the plume attaches to the shore. lf so, use the image method to 
simulate discharge. Determine the surface area enclosed by the 2 degree isotherm for each case. 

1.0 
Current Vtlocity 

---- Tldcl Eltvction 

Deslgn 
Condltlon 

0.5 
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Problem No. 7 

POS CASE STUDY 2: 

An electrical power plant is located on the shore of a large lake. lt discharges 25.1 m3/s of water 
used to cool the condensers. The outfall structure protrudes into the lake about 55 m at an angle 
of 60º. The heated water is discharged at an excess temperature of 8.3 C. The width of the 
discharge channel is 1 O. 7 m and the average depth in the channel is 4.0 m. The ambient current is 
essentially zero but .03 mis 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. 

8 meters 

... ____ _ 

LAKEat 20 C 

CURRENT 

/ DISCHARGE at 28.3 C 

55~ / 

'--....___ /// 
1 

t._'\ 60dcg. 
',/ ",, 

/ \ 
" ••• " 
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Problern No. 8 

CORMIX 3 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 pointed 90 degrees 
to tidal currents. 

2.2 m 3 Is of fresh water with an average temperature of 20C. lt contains 
copper at 80 ugm/L 

6.0 m deep at MSL. Currents range from + O. 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/m3

) 

The regulatory mixing zone is a semi-circle of radius = 300 m. The CMC is 
25 ugm/l and the CCC is 1 5 ugm/l 

Make severa! predictions during the tidal cycle to determine if this outfall will be in compliance with 
regulations. 

1 
1 



Problern No. 9 

CORMIX 3 ANO POS CASE STUOY 

A large power plant is located in an estuary that is about 3 km wide. The plant discharges 60 m3 /s 
of heated 60 C water at 90 degrees to the shore through an open channel. The channel is 1 O m 
wide and the depth varíes from 2.0 to 2.5 m from low to high tide. At low tide the current reaches 
0.3 mis downstream. At high tide the flow reversas to a maximum of - 0.025 m/s. The average 
depth of the estuary is 8 m and has a temperature of 1 O 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 slopes at 30 degrees 

lnvestigate the applicabilitv of this discharge. Will it satisfy regulations7 Will it hit the far shore7 

1 
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Problcm No. 1 O 

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 m3/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. 

1 

1 

0.6 I 
0.4 1 

0.2 

o 

-0.2 t 10 12 14 

-0.4 

-0.6 

Hme of day - 24 hour clock 

l 
1 

l 



DES!GN 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 M3/S. THE 701 O RIVER 
FLOW GIVES ANO AVERAGE RIVER DEPTH OF 8 METERS ANO A WIDTH OF 30 METERS WITH AN 
AVERAGE VELOCITY OF 10 CM/S. THIS RIVER IS FRESH WATER ANO 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 OISCHARGE IS 0.5 MG/L. REGULATIONS ARE THAT THE AVERAGE PLUME 
CONCENTRATION OF CHLORlNE CANNOT BE GREATER THAN .019 MG/L WITHIN 10 METER$ OF 
THE OUTFALL ANO 0.01 MG/L WITHIN 100 METER$ OF THE OUTFALL. IN AODITION, THE 
DISCHARGE VELOCITY IS REOUIRED TO BE AT LEAST 3 M/S UNDER MAXIMUM SUMMER 
OISCHARGE RATES. 

USE WHATEVER MODEL YOU THINK IS APPROPRIATE ANO COME UP WITH A SUGGESTED 
DESIGN THAT WILL HAVE THE SMALLEST 11\ilPACT ON THE RIVER. (YOU MAY WANT TO TRY 
DIFFERENT MODELS). WHEN YOU HAVE FINISHED, l'LL SHOW YOU WHAT WAS ACTUALLY 
BUILT. 

1 



Design Problem No. 2 

A ELECTRICAL POWER PLANT DISCHARGES 10 M3/S OF WARM WATER AT 82 C. THE AMBIENT 
IS LARGE LAKE ANO IS SLIGHTLY STRATIFIED AS GIVEN IN THE TABLE BELOW. THE AMBIENT 
BOTTOM SLOPES DOWN AT ABOUT 1 O DEGREES AFTER ANO 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 OEGREE ABOVE AMBIENT . 

DESIGNA DISCHARGE SYSTEM THAT WILL MEET ONE OR THE OTHER OF THE ABOVE 
REGULATIONS. 

DEPTH TEMPERATURE 

o.o 20.0 

5.0 18.0 

20.0 15.0 

40.0 15.0 
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CORMIXl CASE STUDY: SUBMERGED SINGLE 
PORT DISCHARGE IN A DEEP RESERVOIR 

This case study illustrates the application of CORMIXl 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. Toe plant design flowrate is 3.5 mgd ("- 0.153 m3/s). Toe effluent contains 
chlorides at a concentration of 3500 ppm, and is released at a temperature of 68º F ( = 20 ºC). 

The existing reservoir has been formed by flooding a river valley. Toe reservoir length 
is approximately 60 miles. Toe 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 71 O ft above sea level. This 
results in a reservoir width of about 4000 ft (z 1200 m) anda maximum depth of 310 ft {z 95 
m) at the discharge location. Toe mean river flow into the reservoir during the summer low­
flow conditions is about 9000 cfs {z 255 m3/s). Toe typical temperature of the inflowing river 
water is 55 °F (z 13 ºC). 

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 
depth obtained from field measurements in 
the center of the reservoir show a significant 
temperature stratification (see Figure 2), as 
is typical for such deep reservoirs during 
summer conditions. The stratification can be 
expected to be horizonta11y 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 
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Figure 2 
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about 1.5 cm/s ( = 0.015 mis), 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 Fiiure 
1: a submerged single port discharge atan elevation of 610 ft above sea level, i.e. ata 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 (::o 0.6 m) above the local bottom. The 
discharge is pointing perpendicular to the shoreline and is angled upward at 10 º. 

The discharge is subject to mixing zone regulations whereby the mixing zone width is 
less than 1 O % 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. 
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PSY EXArvlPLE PROBLEí\;1 

A PAPER MILL OISCHARGES WASTE WATER INTO A SHALLOW, í 
NARROW RIVER. THE SLOPE OF THE RIVER IS 1: 1000 ANO THE 
AVERAGE OEPTH IS 1.5 m. THE RIVER FLOW OURING THE ANAL YSIS 
PERICO IS 53.83 m3/s. THE CHARACTERISTICS OF THE RIVER FOR 
THE FIRST 330 m OOWNSTREAM ARE AS FOLLOWS: 

Sub reach Curvature - m Width- m Oistance to end 

1 O. 18.8 20.9 

2 O. 12.5 64.7 

3 O. 13.6 114.8 

4 O. 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 OISCHARGE RATE IS 0.68 m3/s. THE MINIMUM 
SHORELINE OILUTION, 300 m OOWNSTREAM MUST BE AT LEAST 15. 
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THE INPUT TO THIS PROGRAM IS AS FOLLOVJS. 

Study of McKenzie River 
0.68 
53.83 
1.0 
O.O 
1.0 
9 
O. 18.8 1.5 .001 20.9 

(Title) 
(Discharge rate) 
(River flow) 
(Concentration in effluent) 
(Concentration in river) 
(lnitial dilution factor - no initial dilution) 
(9 sub reaches) 

(NINE ENTRIES OF radius, width, depth, slope, distance to end) 

15 5.0 1.5 .001 330.0 
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