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A model is developed for the flow dynamics and mixing in the near-field
of a multiple port outfall diffuser. The model employs the equations for
gross conservation of mass, momentum and buoyancy of the fluid in the discharge
jet or plume. These equations are obtained by assuming flow similarity and
then integrating over the cross-sectional area of the plume. Two distinct
interactions of the discharge jets or plumes are included in the model. These
are the interaction of the xndzvidual round jets from the diffuser ports and
the merging of the plume from either side of the diffuser, over the top of
the diffuser. The resulting equations are closed by the entrainment assump-
tion" and solved numerically. Results provide the velocity, width and dilut-
ian of the jet or plume.

Calculations were made for a number of cases where experimental results
were available. The madel gives reasonable agreement with the experiments
over a wide range of discharge conditions and over the complete range of
flow patterns. In most cases it slightly underestirmtes the mixing or dilution.
Therefore, the model should be useful in determining the minimum dilution
that can be expected from any marine outfall.

In view of the extensive analysis on this particular problem, there has
been surprisingly little experimental work. Thus, there was not a great deal
of data with which to compare the present model. Additional data on the
process by which the plumes merge is especially needed. Moreover, while
dilution is the parameter of greatest interest to the engineer, it is shown
that it is a fairly insensitive erasure of flow docs in the mixing zone.
Therefore, the measurement of some other quantities such as the velocity or
plume width would be of more use. This is particularly true when attempting
to understand the flow dynan6cs in the near-field and when comparing results
fram different models or situations.
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NOTATION

The following symboLs are used in this paper.

b= Jet or plume width.

F = Densinetric froude number based on port diameter.
0

g= Acceleration of gravity.

H = Height of plume use before rrerging.
m

K= Plume translation coefficient.

L= Port spacing  c.f. Figure L!.

n= Coordinate normal to ~imensionaL plume axis.

r= Coordinate normal to round jet or plume axis.

s= Coordinate along jet or plume axis.

u= Jet or plume centerline velocity.

V = Entrainment velocity.
e

V = Plume translation velocity.
n

x= Horizontal coordinate.

y= Vertical coordinate.

n= Entrainment coefficient.

6= Angle of plume axis with horizontal.

Spreading coefficient  A = Schmidt number!.

Density of background ocean water.

p s!=Density of fluid in jet or plume.

p = Density of ocean water at discharge point.



INTRODUCTION

The primary purpose of the diffuser, which is located on the end of the
outfall pipe, is to mix the effluent being discharged with the ambient or
surraunding water as zmch and as rapidly as possible. The benefits of this
mixing are lawer concentratian of the effluent, even near the outfall, and a
diminished health hazard. In addition there is a possible increase in die-
off of enteric microorganisms as a result of their low concentrations. In
order to do this a diffuser uses the cementum and buoyancy of the discharged
effluent as the driving forces and attempts to direct these forces in a way
to produce maxirrUm mixing. These mechanisms are effective anly as long as
they are the significant forces producing the flow. Therefore, diffuser design.
can be effective in increasing the mixing in that area near the diffuser where
the discharge momentum and buoyancy are still the dominant forces. This region
is usually referred to as the 'near field" mixing zone. Clearly, once these
forces are dissipated, the path and further dilution of the effluent are
controlled by the local  ar ambient! conditians in the ocean. The purpose of
the work reported here is to provide an analytical technique for describing
the flaw dynamics in the "near-field" mixing zone, and to predict effluent
concentrations in this region.

The complete design or feasibility analysis of a marine outfall is
obviously quite complicated. In addition to the primary objective of maxirrUm
mixing, the diffuser is also subjected to both economic and structural
canstraints: what is the cost of providing this mixing and will the diffuser
withstand all necessary forces? Thus one simply cannot take the approach
that a certain dilution is required and then determine the appropriate con-
figuration. Rather a mare productive approach, and the ane errployed here, is
to consider a proposed or probable design and to analyze the rrnxing and dis-
persion provided by the specific design. The work begins with the assumption
that the design is, or can be made, structually sound and that it is economi-
cally practical. Then, after analysis of the 'near field" flaw dynamics, if
it is determined that the design does not provide adequate mixing or that it
results in an adverse envir~tal or public impact, the design aust be
altered and subsequently re-analyzed.

Before proceeding further with analysis of the flaw dynamics and mixing,
some consideration est be given to the discharge of toxic materials fram
the outfall. No aneunt of mixing with ocean water, no matter haw extensive,
can completely offset the continued discharge of toxic materials. Therefore
it is necessary to assure that the discharge will not increase, or add to the
toxic substances in the ocean. All kinds of water, including rain and drink-
ing water, contain same identifiable  trace! quantities of heavy metals and
possibly other toxic materials. This also applies ta the ocean, which contains
most known toxic substances in very small, but often rreasurable quantites.
The usual approach  which is supported here! is ta assure that the outfall will
not increase the concentration of any toxic material already in the ocean, and
that it will not indroduce any new toxic substances.



Generally, with domestic sewage typical of that from eastern North Carolina
treatment plants, this can be achieved without difficulty. Barber, et.al.
�917! investigated a possible increase in heavy metal concentration due to
the treated effluents of Beaufort, Morehead City, New Bern and Newport. The
researchers found no significant amounts of toxic materials. Moreover, toxic
materials fram new industrial sources are required by the Environmental
Protection Agency  EPA! to be ramved by pre-treatment before discharge into
a municipal waste treatment facility. Using federal guidelines as a standard
NPA, 1977!, it can be shown that all knawn toxic substances can be reduced
to essentially ambient levels by correct outfall design. This conclusion is
supported by the recent investigation of Pearce and Smaltwood �978!.

Assuming no toxic materials of significance are being released, the
major concern then becomes the health effects of enteric microorganisms.
These organians decay with time and, in addition, they are not harmful in
sufficiently law concentrations. Because of this, adequate dilution with the
ambient ocean water will usually prevent them fran causing any enviranrnentat.
impact or becaninq a public health hazard. The health hazard can also be
removed by sufficient disinfection, but there are indications that m>st camen
disinfectants may be toxic themselves. Therefore it is very irqmrtant that the
diffuser provide the rnaxirIzn mixing possible, and that this mixing and the
resulting dilution be accurately predicted. This will enable, ammg other things,
use of a minirmm armunt of disinfection.

Proceeding the detailed description of the mxlel used for the near-field
calculations, a brief discussion of the overall operatian and desi@ of a
typical outfall is given. As previously mentioned, the raxleL requires that
a specific desi~ be available for the analysis. This means a specific diffuser
gemnetry and the discharge parameters for each of the diffuser ports. Site
data required are the depth of the water and the slope of the bottom at the
diffuser location, as well as the density of the seawater. Previous work by
Sorrell �978! has attempted to establish typical diffuser configurations for
the Southeastern coast and the range of discharge parameters that are likely
to be utilized. That work also includes a rrr thod for numerical analysis of the
internal hydraulics of the diffuser, so that the discharge parameters can be
accurately calculated when a specific design is given. The method employs a
technique first developed by Brooks �970!, and a excellent sunxnary and overview
of the problem has been given by Koh and Brooks �975!.

As previously mentioned, the near-field mixing zone of the diffuser is
that region where the flaw dynamics are either completely or partically con-
trolled by the discharge conditions and the diffuser. Canversly the far-field
is that region where the mixirq and/or flow docs are controlled primarily
by ocean currents and eddy netion  turbulence!. In some situations, high
volume thermaL discharges also may modify the far-field. Thus, the flaw in
both the near and far � fields rray be at least altered by the discharge. This
is partically true for high volume thermal discharges in very shallow water.
Tliis is not the situation with wastewater discharges in the ocean, hawever,
and thus the far-field is not considered here. moreover, design or feasibility



calculations are normally for 'worse case" canditians or the set af circum-
stances that produces the least mixing. Usually this is zero current, although
the recent work by Nospal and Tatinclaux �976! has shown that may not always
be true for thermal discharges. Based on these observations the worst case
would be in the near-field and with zero background current. The present
work provides a calculation procedure for this situation.

In order to better understand variaus aspects of the model a qualitative
description the flaw dynamics produced by a typical diffuser with represent-
ative discharge parameters is given. The expected diffuser configuration is
shown graphically in Figures 1 and 2. As is indicated in Figure 1, the dis-
charge from a multiple port  multi-port! diffuser initally consists of a
series of round horizontal jets. These jets are driven outward by the discharge
momentum and upward because the wastewater is less dense than the ocean. As
the round jets entrain fluid, their diameter increases and ultirrrately the
individual jets begin to interfere with each other. It is generally accepted
 Koh and Fan, 1970; Jirka and Harlcman, 1973; Shirnazi and Davis, 1972! that
the individual round jets interact to form a ~imensionaL or slot jet.
The situation is depicted in Fi~res 1 and 2, where the resulting flow field,
after interaction of the round gets, is a two&imensional buoyant plume rising
fran either side of the diffuser pipe. These plumes continue to entrain fluid
as they rise. Because there is a lated volume of backgraund fluid between
the two plumes, they move taward each other as required by the conservation
of mass of the fluid betrven the two plumes. If the receiving water is suf-
ficiently deep, the ~imensional plumes eventually will merge together as
they rise thus forming a single vert>cally rising plurri, It is a plurne in
the true sense, because the horizontal discharge momentum has been canceled
and the only drivinq mechanism is the buoyancy of the less dense effluent.
The merging or joining of these ~imensional plumes has been observed in
the field and has been demonstrated by the laboratory experiments of Liseth
�970!.

Therefore, although the effluent discharged fram a rrLrlti~rt diffuser
begins initially as a series of round horizontal jets, these jets usually in-
teract very quickly to form a ~imensional plume. The plumes on either side
of the diffuser then merge over the diffuser and result in a single vertically
rising plume. If the diffuser is located in deep water, the details or fine
structure of the flaw patterns do not greatly alter the final flaw geometry or
dilution of the effluent as it reaches the surface  or a terminal level!.
This has been demanstrated by the numerical experiments of Wallis �977!. And,
in fact, Koh and Brooks �975! have utilized this observation to obtain pre-
liminary estimates of dilution by simply considering only a vertical plume.
This is accurate because the discharge momentum is quickly dissipated by turbu-
lent entrainment and, thus, the primary long-term driving mechanism is buoyancy.

Southeastern coastal waters are relatively shallaw, however, and thus
the round jet interaction and the subsequent merging of the ~imensional
plumes may not have been completed before the rising effluent reaches the
ocean surface. Here the dilution, velocity and configuration of the discharge
plume does depend on the degree of interference that has occured between the
jets. Therefore, in southeastern coastal waters an accurate calculation of the
mi~ing requires an analysis of the round jet interference, and of the merging
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Figure 2. Schematic of ~imensional plume merging to
single vertical plume  end view!.



and the ~irnensional plume. This paper provides a rather simple model for
these two processes, but one that agrees reasonably well with all experimental
data available. The procedure thus provides a complete calculation of the near-
field flow patterns or dynamics and the mixing or dilution that would occur
fran any rmlti-port diffuser operating in southeastern coastal waters.



MODEL

TABLE 1

Values of Entrairment Coefficient e, and
S readi Ratio A Used for the Calculations.

Round Jets Entrainment Coefficient  sr= V .082

Xr= 1.16Spreading Ratio

Z � Dimensional Plume
Entrainment Coefficient uz= 0.14

X, � 1.0Spreading Ratio

When the assumptions and restrictions that follow are considered, the use of
a constant entrainment coefficient seems appropriate.

The model utilized has its origin in the classical work by 1hrton, Taylor
and Turner �956!, and by Priestley and Ball �955!. They assume quasi-
similarity in the sense that the mean flow is self-similar and that the turbu-
lent entrainment or the turbulence itself can be directly related to the mean
flow. En this approach the equations of motion. are integrated over the cross-
sectional area of the jet or plume to give gross-flux equations, for example
the equations used by Norton, Taylor and Turner �956! are conservation of mass,
rwmentum and buoyancy. They close the system of equations by the "entrainment
assumption," which asserts that the velocity at which the background fluid is
drawn into the jet or plume  the entrainment velocity! by turbulent diffusion
can be related to the mean flow parameters. One of the first applications of
this approach to outfalls was by Fan �967! and by Fan and Brooks �969!. There
have been numerous other approaches and improvements using basically this method.
Morton �971! gives an excellent discussion of the various different conservation
equations that have been used and the particular advantages of each. When
using the entrairment assumption the entrainment velocity is usually related
to the mean flaw velocity at the jet or plurne centerline by use of an entrain-
ment coefficient. The entrairment velocj.ty being the entrainment coefficient
times the mean veloci.ty at the centerline. The question of the functional
relation between the entrairment coefficient and the mean flaw quantities has
been considered in detail by List and Imberger �973!. At approximately the
same time Jirka and Harleman �973! suggested a specific relation for the two-
dirnensional buoyant jet, based in part on the work of Fox �970!. Ia. the work
considered here the discharge mrmmtum is very quickly dissipated, and for most
of the calculation the discharge is essentially a plume. Therefore, the present
calculation uses a constant value of entrainment coefficient, typical of that
recotrrrended by Brooks �973! for plumes. The actual values are given in Table 1.



The discharge leaves the diffuser as a series of round jets, and the
model starts by applying the procedure to the individual round jets. Initial
conditions are the jet diameter and velocity, as computed frcxn the hydraulic
analysis  c.f. Sorrell, 1978!. These are corrected for the transition from
approximately uniform flow out of the port to the assumed Gaussian velocity
profile by using the results of Abbertson et. al. �950!. This results in a
velocity profile of the form:

� ~/Xbum s! e  j.!

where u= centerline velocity, s= distance along the jet or plume axis, r=
the coordinate normal to the plume axis and b = the  local! plume diameter.
In order to allow for different rates of spreading  different effective
diam. ters! between mass and aementum, the density profiles are represented by:

p -p  s,r!
a e-r'/ gb! �!

po po
where po = the ambient or background density at the discharge location, p =
the ambient density, p s! the density of the fluid in the jet or plume,
and Xr= the ratio between the mass transfer diameter and the momentum
transfer diameter of the jet or plume. As such Xr is the turbulent
Schmidt number which is assumed constant and is usually found to be some-
what larger than one.

du 2 A.>  pa � p!sinO 2mru
Zs u po

�!

du
2Qr  pa � p! sinO

U po

1 +K1' dPS . 211 PS-P!
S 111

�!

d pa-p! �!

dO
Ts

u po

= cosO
dx

s
�!

 8!

These profiles are then integrated over the area of the jet or plume to
yield gross flux conservatiorr equations. In the present approach equations
for conservation of mass, morm~tum and buoyancy are obtained. Brooks �973!
gives a suranary of this calculation and a report by Ditmars �969! provides
a detailed description of the procedure as applied to a single round jet.
After integration and same subsequent manipulation, one obtains a set of total
-' f ' re-..:xa' equations for the centerline velocity, u, the jet or plume
diameter,b, the buoyancy p-p  s!, the angle of the jet or plume axis with
the horizontal, O and the x and y coordinates of the axis. These equations
are



Using the previously established initial conditions these equations are
then integrated numerically. Two numerical procedures were used. One was
an extropolation algorithm developed by Bulirsch and Stoer �966! and the
other was a modified Adams predictor-corrector algorithm developed by Gear
�971!. Both algorithms were available as packaged computer sub-routines
and were called from computer memory. In the sample program provided in
Appendix I, the Bulirsh and Stoer alogrithm is referred to as DREBS and the
Gear alogrithm is referred to as DVOGER. The calculation proceeds assuming
a round jet until the diameter of the jet, b, equals some fraction of the
port spaci~ L  c. f. Figure 1!. At thzs time the computation switches the
model from a round jet to a ~imensional or slot plume. This approach to
round jet interference has been suggested previously by Cedewall �971! and
utilized by Jirka and Harleman �971!. An alternate criteria for transition
has been suggested by Koh and Fan �970! based on equal entrainment rates.
While this may be more satisfactory from a philosophical view, the result is
essentially the sane as the previously proposed criteria. Implict in this
procedure is the assumption that the transition from a self-similar round
plume to a self-similar twc dimensional plume is quite rapid.

The model thus produces transition from round to slot plumes when the
round plurre width equals some fraction of the port spacing. Present calcu-
lations were made u. ing equivalence of the two, b=L. The transition provides
a slot plume whose initial width is that of the round plume before transition,
which is also the port spacing L.  c.f. Figure 1.!. The initiaL centerline
velocity and concentration in the slot plume are ,-.;;.wr .. ~ :.:;..=..i t: ~.-.cse
of the round plume imnediately before transition. The initial conditions
for the slot plume are thus established.

If merging of the slot plumes is not a consideration, the integral
technique can then be used to continue the calculation. The equations and
procedure have been sunmarized by Brooks �973!. A detailed description with
constant entrainment coefficient is given by Sotil �971! and with a variable
entrainment coefficient by Jirka and Harleman �973!. However, if the merging
of the two slot plumes from either side of the diffuser is to be considered,
some modification of this procedure is required.

In order to model the merging of the slot plumes, the following mechanism
is postulated. Before the round plumes begin to interact, the volume of
background fluid between these plumes is basically unrestricted and thus
there is very little, if any, tendency for the round plurres on either side
of the diffuser to move toward each other. After formation of the two-
dimensional or slot plume, flow of the background fluid into the region be-
tween the plumes can occur only at the ends of the diffuser and is thus
severely restricted. Accordingly, merging of the two-dimensional plumes is
assumed to begin after the transition from the round to the two&imensional
plumes. When this occurs the twoMimensional plume is shifted> normally to
the centerline, toward the diffuser. This is because the background fluid
between the two plumes is restricted in volume and is being entrained into
the plume. Moreover it is argued that the shift of the plumes  toward each
other, see Figure 2! is directly related to the entrainment velocity. The



present model assumes that the plumes move tmuard each other at some fraction.
of the entrairxrent velocity. Iatplicit in this is the assumption that the
entrainment velocity is unchanged by the merging process.

The gross-flux equation for the slot plume is thus modified by inclusion
of a velocity normal to the plume axis. This velocity is

 9!

where V is the velocity of the plume normal to its axis  see Figure 2!, V
is the entrainment velocity and K is some constant less than or equal one.n e

Using the concept of an entrainment coefficient, o.~, the equation becomes:
V =Km' u

n

where u is the centerline velocity. It is reasonable to expect the merging
to became more pronounced  larger shift normal to the plume axis! as the
plume rises. Therefore, the original intention was to vary K through the
calculation, and to determine the vest accurate way to do this fran experiments.
However, as discussed in the next section, due to a lack of relevant experi-
mental results, simply selecting K = 1 was all that reasonably could be
done.

Again Gaussian profiles are assumed for the velocity and density
distributions in the ~imensional plurre. That is the twcw9imensional
velocity profile is given by

~'/b'
u=u s! e

where u= the center velocity as before, n= the coordinate normal to the
plurre axis, and b is the  ~intensional! plume width. The profile of
density deficiency with respect to the ambient density is given by

P � P s! 2/g2b!
e

~D

pa � p s n!

where the density symbols, p, take the same meaning as in equation �!.
Again h.~ is the turbulent Schmidt, but in this case for a two-divisional
plume rather than the round jet or plume. Values that were used for e>,
and ~z and of X> and Xz are provided in Table I; these values have been
suggested by Brooks �973!. Using these expressions the ~imensional
plume is also integrated over its area to yield gross flux conservation
equations' These equations, including the terms to account for the merg-
ing of the plumes are as follows:

du

Ws
2Q~u �2!

b
Ts ~x u

10



d6 V2zX cosO K~2 oc -c! ~ +
s p u gx+y

�5!

= cose � kcx2sinedx
Ws

�6!

= sinB + k~~cosod S �7!

All symbols in these equations have been defined previously. The terrrz on
the right of equatim~s 15, 16 and 17  enclosed by the square brackets! are
the additional terms added to model the merging process.

In sugary the model considers two distinct interactions �! The
interaction of the individual round jets from the diffuser ports to form
a two-dimensional plume. The interaction criteria is based on a carparison
of the round jet width to spacing or distance between jets. �! Merging of
the twoMinmnsional plumes rising on either side of the diffuser. Merging
criteria is based on overlapping of the inner edge of the plumes.

The trajectory of the two&imensional plume is computed and the inner and
outer edge of the plume calculated at each step. This edge is defined as
the width where velocity has decreased to 1/e' of centerline velocity. The
inside edge of the plume is that side closest to the diffuser. If the
inside edges of both plumes overlap, the plumes are then assumed to have
merged. Because the flow pattern is synmetric this occurs at x=0. Therefore
the merging criteria is when the inner edge of the plume intersects the y-
axis. After this occurs the mxleL makes the transition to a single vertically
rising plume. The initial conditions for the vertical plume are an initial
width of twice the single plume  two individual plurres have merged!, and
initial velocity and concentration equal that of the ~imensional plumes
before merging. The calculation is then completed, i.e. carried to the
surface or to the computed terminal level, as a single vertically rising
plume. Numerically this is a special case of the ~intensional plume
and is quite easily carried out. Figure three shows a graph of the previously
defined edges of a plume which was drawn by conputer. The calculation is
for 9.15 cm �.30 ft.! dianleter ports, spaced 731 cm �A ft.! apart on
each side of the diffuser and with a discharge velocity of 192 cm/s �.3
ft.s!. The discharge is fresh water into weakly stratified seawater. The
seawater density at the diffuser is 1.025 gm/cm . The transition from
round to a ~imensionaL plume occurs at a height of 2130 cm �0 ft.!
above the bottom. The above parameters were chosen to model the Orange
County, California, marine outfall. The actual computer propam for this
case is given in Appendix I of this report. Results from this program are
given in Appendix II '
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RESULTS

Because of the large number of parameters that are used in a complete
calculation, it was not considered feasible to give general results either
in tabular or graphical form. Rather specific results are given for prescrib-
ed discharge conditions, stratification and diffuser parameters  diameter,
spacing!. One of the first objectives was to ccrapare conrputed and experimental
results. This was done not only to investigate the validity of the model, but
also to try to determine the proper range of values for K as defined by
Equation 9. It is rather surprisi~ that, in view of the large quantity of
high quality analysis devoted to this problem, only a meager mount of exper-
imental work has been undertaken.

Of the experiments reported in the literature, those by Liseth �970!
seem the only ones suited for the present purposes. These experiments were
on the discharge from a model of a rrUlti-port diffuser and were conducted in
the laboratory. Liseth �970! reports results from a large number of experi-
ments in which he measured dilution at the jet or plurre centerline. In addi-
tion some concentration profiles normal to the axis of the diffuser were also
measured and pictures were taken of the flow pattern. These were the only
data found from which the location that the plumes merged could be determined.
In order to evaluate several choices for K, the numerical mx1el was run in a1.1
the cases where there was experimental. data for the height at which the plume
merged. The results indicated that a value of K=1 gave reasonable agreement.
Because this was a larger value than expected an additional approach was used.

In a number of the experiments the port spacing  L in Figure 1.! was
sufficiently close that the round jets to interact very quickly. In this
situation transition into the ~dimensional plume occurs very near the
diffuser and the subsequent rrerging into a single vertical plurne should be
primarily because of entraiarrent into the ~irnensional plumes. Thus the
merging est occur relativeLy independently of the round jet interaction. This
was modeled numerically by assuming an equivalent twoMirnensional plurre initally,
that is, beginning at the diffuser. This mxie1. should merge at least as quickly
as the experiments, and thus the value of K determined in this manner should
be a rninirnum value. This value so determined was approximately K=1. On the
other hand the maximum value that one would expect from consideration of mass
conservation is K=1, therefore this value was chosen for the subsequent calcu-
lations.

Et is rather surprising that, in order to achieve merging of the two-
dimensional plumes as rapidly as observed experimentally, they rmst move
toward each other with a velocity at least as large as the entrainment velocity.
This observation is relatively independent of the processes that occur in the
round jet or plumes, and thus it would appear to validate the assumption that
the merging begins only after transition to the ~irrensional plurne. It
m>uld therefore rule out some m>tion toward each other before transition to
two&imensional ptumes as an explanation of the relativeLy large value required
for K. A possible explanation zs the generation of a pressure field that would
prcmote merging in addition to that which occurs from simple mass conservation.
Clearly the model is too crude and the experinrents too sparse to explore this
further.

13





C arison of C uted and E erimental Values

Diffuser Characteristics

Port Diameter = 0.373 Cm.
Port Spacing = 10 Cm.
Discharge Velocity = 84 Cm/s. Froude Number = 24

Calculated

19.5 Cm.Width

Dilution 41-43 34

The calculation procedure, therefore, gives a reasonable value for the
amount of mixing that will occur over the complete range of possible flow
patterns. Ihreover, when compared with experiments, the computed values of
dilution are consistently slightly lower than the measured values. Because
of this, the model should be quite useful in the evaluation of the environ-
mental or public health impact from any marine outfall. The dilution as
computed by the present model should always be conservative or slightly less
than that which actually wil.l occur.
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Round Jets Merge
S = 25 Cm.

Vertical Phm~
S = 106 Cm,

Canparison At
S =40

Height = 12 Cm.

Height = 92 Cm.

Height = 25

Measured

22-24 Cm.
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S~Y AND CONCLUSIONS

The discharged effluent in the near-field or mixing zone from a multi-
port diffuser was modeled. The model uses the gross-flux equations of mass
momentum and buoyancy and is closed by the entrainment assumption. The
interaction of the round jets fromm the individual diffuser ports was modeled
by a transition from round jets to a single ~imensional plurre. This
was assumed to occur when the width of the jet reaches smne fraction of the
port spacing. The resulting ~imensionaL plumes fran either side of the
diffuser then merge over the top of the diffuser. This is believed to occur
because the volume of background fluid available to be entrained into the
plumes is restricted by the plus themselves. It is modeled by assuming
the plumes translate toward each other at some fraction of the entrainment
velocity.

jlesults calculated by this model were compared with previously reported
experimental data. It was found that translating the plumes at the entrain-
ment velocity yields good agreement. Although this is a higher velocity
than expected from physical reasoning, it does appear to provide the best
agreement. This may be because too few experimental data points were avail-
able to permit an accurate comparison or because an additional mechanism,
other than entrainment of the background fluid, causes the plumes to merge
together.

The dilution as computed by the model was compared with experimentally
measured values over as wide a range of discharge conditions as experimental
data permitted. In view of the extensive analysis on this particular
problem, there has been surprisingly little experimental work. Thus, there
was not a great deal of data with which to compare the model. Additional
data on the process by which the plumes merge is especially needed. More-
over, it is concluded that while dilution is the parameter of greatest
interest to the engineer, it is a fairly insensitive measure of the flow
dynamics in the mixing zone. Therefore the measurement of the velocity
profile or possibly some other parameter would by more useful in understanding
the details of the near field and in comparing different results.

The present model docs give reasonable agreement with the experiments
over a fairly wide range of discharge conditions and over the corrqlete range
of flow patterns. In most cases it slightly underestimates the dilution.
Thus, the ~i el should be a useful tool in helping design engineers determine
the minion mixing that will occur in the discharge from any marine outfall
used in southeastern coastal waters.

17



APPENDIX I

Computer Program
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Sample CQmputer Output for Graphical
results given in Figure 3.

28



I-
 I I I

0
Z
a n
CJ
CL In

I-
ill

IIJ

0 Z
0

CJ
CL In

P lT n  !
Ci 'I in Al 4

  ' Z Pl
I'I � Pl
I! CP «t ct

ii' hl rD rC
~ ~ ~ t ~

0

ct
'I I

I' f
 D r«l h! «l
iJ I-
~ ~

cu '1 h I
h h

A,
n

0
I j1
I'I t-
~ ~

ill

C> C
0

CI' r. 1
I

I! .t
'I t

~ ~ ~
0 I r,

rh
0

C
hr Ct
h!t Ir'I

~ ~ ~

4 I r!
  t I ~ t!
I. � I hi

 'I F F
r , IJ'  P

 h Ct
~ ~ ~ ~

u! u! I 0

Z 3
0ct

a nn
0 c' I

0 !JJ
«I 00-»

~ ~ ~
nao

a o
0 c>
0 0 hr

0 cu
~ ~

0 C!
Cc
r!r
0

0 0
F 0 0
In w 0  D

P!
'1 In «t «t
~ ~ ~ ~

0I

rl I
C I
~ ~

0

0 c' I
CP F'
~ ~

In

a p- r.
i

h!
Q 'h

ct pl

I I

In crc
cr

h rc
~ ~

u

 I' 0
0 rh Cu
c Cc

rU Cn
~ ~

0

I- ct
non
~ ! l,1

0ct
0~ ~ ~
0 0 0

rt 0
«I rr' 0
ct hl r1
r
I
'n hl

~ ~
t

cu '1 0
PI ~ «P rfr v
rh .t «D  P hl

t �
In cr 0 In 0 rcn~ ~ ~

D'D I .1!
Irl «'I

->,1 r!
~ ~ ~

c

P

'I

0' 0

>! 0
n P D

~ ~
0 0

h. In
nct a
 p rl
 D

t
0 Pr hD t

hr 0 hi
hr u d
 p «D ' n

0 cp 0 '7

0 D
,. ~ h,

I,'I 0
Dl
0  I0 w h  «1 «t 41 u> «D p rn

C! I i
X
r
V Cf
lf! 0

0 In F.  !« In rt 4! t
41 0 r1 0 u! o P CI

hl >1 0 3 u!
rh  n w I!! 0

0 u!  D D«u!  'I I'u
IU 0 P!  P 4h ct ul

~ ~ ~ ~ ~ ~ ~ ~
O uD cu u!  rh � lfl
«t Ct III Ifl

  !I'1
In I

M u!
O Ch

, ! I
~ ~ ~

t
t- p- r-

hl
r

rl y
~ ~
g 0
u!

 D P!
 rr in
CP
ct ~ ~

u!

 «I  !c Ifr C I
G! 0

0 cp «Cr rh F
If! PJ 1 Q! Ir'I

hl  Ci
Dr p ~ Cu
~ ~ ~ ~ ~

p>  p p- In p!
PJ P'1

5I
I!! ru

 n ~ ~
cu

ct
ID

1!J

V Z LU
! rz

'lJ
rn
Z ILI
Q O

0 0 C>
o 0 0
0 0 0
r'I 0 0

0
t t

o 0
NI

o 0 0 0
0 t
ctCij

0

0 o PJ
0 0

t rn
'P
C!
Pi

r>~ ~
0 0 0

Cl  D
I!D

I
1 IP!

0 0 0~ ~ ~ ~
nnao

ifl 0
U K c> «t 'Q
r .pr!n
hr hl h! r!
0 ann 0
normo~ ~ ' ~ ~ ~
o anno

a in
r.n «t ln

0
~ t ~

a 0 a

 >c «t
0

a 0
0 0~ ~
an

P w rt  t
h! w cu

rt
ct at

0 r>
0 0 I  . 0~ t ~ ~
nonoo

 D
Z I

V Q
Cl t

Ct P! rt
Cu ~ Pl
fD 0
t h 0

~ ~
cn !!

C4
 U I
P

I'll

«D

! 0 t
0 I  p
0
 J
ir! «3
0 p. I

 D

Q 0 CC
�

4!  Pc

hl

In
'L! Cn

ct
41 0

ctI r
t t ~
c

hJ I'I I:I
P! cl I

hl
P.J Ift ct

0Pl
~ ~ ~

rr' t

 >
c«'n o

rh
~ t I

~ ~ ~

cf! h! P! P!
o o «I 0P! i i

cJ
h!

n w ct ct
~ ~ ~

I u! I
In

ln r ur
Cl' ln
 rr I C

~ ~
hr

 JI  T
Ifl  t  ' I
If! n lf'I
~ ~ ~
P! rlJ hJ

! V

on a
ann0 0 I'
non~ ' ~ ~
nr � h.

ac
n 0
0 0
0 0~ ~
PJ

H

c! o 0
0 0 0
0 0 0
c> 0 0
~ ~ ~
ct IA u!

ann
nna
0 0 0 0
~ ~ ~

t  D  t
r

n an
0 0
0 0 0
oao~ t ~

IA

OOOO 0
0 00 0 C!
0 noon
0 0 0 0 0~ ~ ~ ~ ~

ip 0
I I

0 0
0 0 0
oao
0 0 0~ ~ ~

 !J r1

I
Z
!Lr
 !

IL  n
IJJ 0
, !
V  n Z

o 0
III I l  II
'5 ~ ID
Z «t
ct
l!'. il! V

z  n7 i
DJ Y CD

rx
u!I-

0
0 I

I  !,
IU 'U !U
!

Z
0
! IU

ri
n.
I

1 rn

Cu lil h! «t 'I> c>
r ru!n ~0

 >
c> icu h.l

h! h «1 I I
J!

~ ~ ~ ~ ~
hJ

nt «t~~c'
CD O P>
rfl ~ ~

 ! .I 1 0
n rr!

cu
~ ~ ~ ~ ~ ~

1'



r« dc
r P

C'J d P -f;
0 Cd Q D I''I

C 0 d «0 0
~ M r

cp

0
Cri tn
PJrp ~ '!
P- 0'

0

0
Lh ih

t t -t
«0 F  C 0

CT CC
CU ~ ~
0 ili Lh
tn «C 0

If O Ih
0

I M
C I hl
«0 AI M
~ ~

h

««i
0

CV
0' d

7Cl tf.' If'

e A
O
I
7

«0
«0

~ ~
d 4

r
�
Ph
0O' N

0
C' I'!

I'
O'I P. 1

tfl
~ c ~

0 0
cr ci' tp

N
N 0

IA
92A dd I

~ c ~
0U' I"

tn r
NO II

0 I'J
~ ~ ~

CIJ d
cc

M  ' I
d «tc 0

UT 0' .! r
Pl

U! d M r''
~ ~ c

I f70'
tr

I
~ ~ ~

Ifi I 0
o 0

i p
I'!

0 th!
In
0 Al
� r'

rp 0
!

AJ
07

r I ~
~ ~ ~

0!
 i i 0 p

11
uh U. M

P?
d

~   r
«r

M <t 0

r-
I I I
i 0
p! �1 r

N Ir In� C.
«eta ~ r'. U: 0 - M c0 a.

I IX' I G W C

0' AJ'C
I plc"

C'J i T N
ciJ n pt
C. IA A.'

h 0 h
r.oao ~ ~

d 0 «f

0 M l
O 07'1

~ ~ ~

0' 0
AI iJ!
u'. -7

r 0

� C«J M 0
n I AUT r'

� ir Ai 0'
rr P. P. < cp
0 Pt � 0« l7
~ ~ ~

n
N a 'i

o 0
n 0
 r'
I 'I

�
 il «h

Ca 0'
I

0 0 0
~ ~ ~

IC M cp I-r
h 0'

rh rc r!

 f
r! M
«7 d

~ « ~
P d tl
ir«0 4

IA
0 0
ul
0 J!
0'
~ r
ip 4!

m ~ Ci
0 +

Ir' « Ir
r«C
~ ~ ~

«A Ifi

pi P
d

.'7
0' �  .
~ ~

«1Ir',
I ri If!
r 0 C
0 Cr.
~ ~
cc d IA
d d

0'
N '7

O

~ ~
M M

IN r-
a. r

0

~ 0 0
f tn 0'
n «U

rp
O0O
~ ~ ~

0
~ ~ ~ ~ ~ ~ ~
0  'I rh d i.  ' 7 0'

AJ N PJ Al N Al AJ
a+n~r!Md«hh
ct d tfl I. IJ! If7 IA IJ'

0 �

0! A
«7
A

 A U.

h

:n 1
i!

I -f u? Ti
~ ~ ~

'«J N

r?i
in o 10 �

70
d ih 0

en 4N
ct

~ ~ c ~
I

tp
,h,J rl rt K 0

n p.
PMOU!N�

n~ 92 ~ ~ ~ ~
cp P h.

 A CJ U?
i I

f
AJ

I 0
0~ ~ ~

0 'I
iC' rJ n 0

r?
Al

Iil CJ CJ  J
0 ril
~ ~ ~ ~

AJ P

Ifi
O '0
~ ~

'0
trl  T

riJ
0 0

«1
in f-
~ ~ ~

Ni0 C'
0
'A

~ ~
uh in

00 O fl t
r! N C? CJ

I f1 h ip fi
r,.

I 0 d Al
I 0 0 r!

~ ~ ~ ~
th J! Ill J! Ifr

'.0
~ rc!

0.
n ~
N 1~ c

CP O �
ihrh ~r

cr At 1
r' I 7 1 M �

C!
d in < 0 IT~ ~ c ~ ~ ~

d + d e d ct

I'J
7 n w I I
i>l rl

7 0:7

I rt

n n
O

0! ih
PJf.,i 0

~ ~

0
0'
0 m tr

r0
hJ

~ c ~
ct

IA I'1
0 O

C' «0
«0 0'
~ ~
0! IA
UJ

O' Al  ,1
tfl

AJ
AJ
0 1 d N
~ ~ ~ u

IP U ~ IA
'ci 0! «0

0 P
«0 0'

0
Al

LPUi t
~ c ~

 92I N Cil
0! � C0

C! 0' «0
Al 1 ip 0 0

cp 0! 0
Pi t
UI ~ ~ ~ ~

«0 01 �

0 M
� cP

tll I ' r'J
A' h JJ

t
r !

t c ~
UJ '0 UJ

0

P!

M O IA
0 I IA
UJ t0

~0!or!
O M f«N
N I

0 V'
� «7 0
~ c « ~

ct tfi Ut
0! UJ tp

O M 0
«A 0AI
0 ca
A I AJ

r
Al M d

d d
a! Ca 0!

0 «0 O Cp
h

tn
0
~ ~

P
d d 0

N P!
If! 0!r'I

~ ~
tp

itl � iiJ

~ «0 IA
O J! AlCI'

CV
hl � I/!
0 0~ ~ ~
UJ Cp IV

r 'i
AJ P dIh
 A «0 h
0 ~ Ml
~ ~ ~

I4 PI r!
03 0! �

AJ f 7
N AI0 0'

�

C0 ~ ~
Pl d

«0 C0 Ig

0'
to 0 tn

IA
ir,' cp IT

ttl
i ~ ~

0 C?
if.

rt! u!
tn N0'
~ ~
:0 «0I i d 0 Ci

rp � m

P d~u? U!
Ci 0 Cp

norm n
O n O n

noooa
0 i? 0 0~ ~ ~ ~ ~
V 0 0 0

CU
Nc0 d ~ 0! t

AJ m 'D 0!
! M '!

CTC! r!on
0 0 0 0

0 Q 0 a 0~ ~ ~ ~ ~
00 00 0

r f10
0 0 0

d 0CIJ I
~ P ip «0 uh IJ! d «70

r!
J Jh!

0 O
o on
0 0~ ' ~
0 0 0

IA th
O IA

92J
Q 0

0 n c!
0 aa~ ~ ~
0 0 0

,0 P

n n
0 n~ ' ~
0 0

ti1 07 cU tn
0 0' 0' «0
'tl

0 0 0
0 0 0

0 n 0~ ~ P «
C7 00 0

d
0

t 1
C!

I 0~ ~
0

h
O r?

~ ~
0 0

0! Al
UJ a' Lh
0 0

O
0 O~ ~ ~

aoo

0' ~ "I
1
0 0
O 0~ ~
0 0

i 'i r7

O

~ 4

o oa
Qno~ ~ ~
0 C! 0

n 0
0
Cl~ ~
0 0

0 0
ooo
oao~ ~ ~
000

r! o 0 0
0 0

oooo~ ~ ~
oooo

0 0 r!
0 0~ ~ ~
000

o o
r! h

0 0 0 0~ ~ ~ ~
OOOO

 p
2 0

0 CJ IT! ct
Pu 0 N rl P- 0

0' rc C' 0  P
~ M 0 �

PA
ut u'
''! r. U
CJ

O~ ~
AJ

N N AJ

0
0 I'I 0

N Al
iup

I~ ~ ~ ~
N r!� Al "J

AIOONdp ~P.
0 0 tfl i ' d d Ul

CJ 0 0 M 0'
Lh d 1 AI

0' �
a p

«?
I'.
«J ri!

0

N
0  T

U!
0 u!'il
4 ~

t� L1

0CJ P- pt If'
M 0!

M
I
~ ~ ~

I riJ CJ

IA 0
r
iri

N

0 M 0' tn
 J r1 Ui

Al I« 'J:I
'J N 'J
C! ! 0 0'
c ~ ~
'0 «1 3

In
Vi rl LT' CC

If!
I'I I'J Al
r! JJ 0

~ ~ ~
I

II I 0 Cil
920

riJ cr in
IA~ ~

0'~ 0
� N '«I cr

rI
ifi C,
hl  A
~ ~ ~

0' 0'

1 ! IT
-T

 I
I
1

J p~ ~ Z I' IA!IA 0! ~ -7 N 0 'I u1 � hl tn «0
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

«A 0! 0! 0  " 7 pc
NC! 0 0t

th 0! riJ
0 «CPJ AJ 1 i I

M«0r! �
th 0

I
c ~ ~

0 0 0 0

Lh
u? in'JT M hl

I0
f

~ ~
pa op

~ «0
r? ~ O

Ai C',fi r

11 �
Alo 0
tti

c ~ ~
0 0 0

	
rri If
 A r
�
0 0

07
I, I '�i

al p

Q
if
17
I

0 M
I?i f1 R cr

ril "' 0!
r'

r i
~ ~ ~

0 0 o

01 ~ ry
ct P �

I" i
it hl

r ~ ~

a'
o i«i �
I.J

0r
~ ~ ~

«0 «I ua!
t

in II I
0 0' 0'  T~ ~ ~ ~

000

Al I
 T

«T 0 a " Ui
AJ 0 r.l tr d N
a.' c� tn M Al ~

nn h 0 o
~ ~ ~ ~ ~ ~

0! a? n
t?

ch m

0 0
cp

0 n
~ ~

i
-I iri
Al
~ c ~ ~ ~ OOOOOOOO000000

0 0 0 0 0 O
0 0 0 O

 ?OOOO 0
o oooo p~ ~ ~ ~ c ~

Oat'Jnd

0 0 0
0 0 0
0 0 0

0 0~ ~ ~
0! cp

0 0 0
0 0 r.
0 r.
c o o~ u ~

cc
OU! UJ

0 0
G 0
0 o
0 0~ ~
v. 0'
L'I IA

0 C
C! C
n c
0 C
Ca r.

P 0 0
c' n G
O 0 0
OOO~ ~

P X
«0

0 0 0
0 0 C.
0 o
Or?O~ ~ ~
0 ~  ' I
J!

0000
0 0 0

0 0 O
0 0 O~ ~ ~ ~

e tAcp
IA u? IA

o 0 0
0 0 c
0 0 0
C. «'J
~ ~ ~

Ctl
!I!

O 0 O
I n n
C 0 0
n «J~ ~ ~

c 0
0 In

0 0
0 C.
0 0
0 0~ ~
d «1

O «!
C. C'
0 0
0 Q

4 J

h
I i

~ ~

opaa
oooo
0 0 0 C
0 0 0 0
~ P ~ ~

d C d

0 0
0 0

0 0
0 0 0I C ~

0! 0'
P1

0 0 0
Q O O
0 n 0
0 ao~ ~ c
ct Ift
P'I M M

OOOCOOO
O O 0 «1 Q C' 0
0 n 0 h o 0 0
OQOOCQCJ~ ~ ~ ~ ~

 T h N M
CJ P! M M M

30

,r. n

M 0:

Cl
e Al

In
J 0

tp
~ ~
M I

rJ 0'

O h
0 O~ ~
0 0

pi
1
i

cf
0
tJ~ ~

0
CJ
0 ~
IC 0

Al
0 «P
~ ~
d

Lh uh
07

CT0!
~ ~

rh P!
01 «ft

IA 0'
tn PJ

I i I'I
«J P-
E ~

ct
0! «0

O I I
in f
ct

rl
~ ~
IJ I
01 Ca

0 i
~ ~

0 o

� P?
N

tr!ii
0 0

a,
LI
7

0
0

d ct
~ ~

If: .7
I7
M M
0' 0' 0'
~ ~ ~

O' 0
U!

 T
IP cp
0
a! t

�
~ ~

hl N

o CC
 C

0!

1;
fiJ

0
t�

0 0 cu

cf I
0
«I C

0 I t'
 ?
li

0!
«P C
tn Cr

C
a! 0

0
Al
r
0

0
~  ft

0 n c
0 0

C
0
0 0

O O' ll
cr CU

al 'J!
r3 ~
CK

Al
«7 d

d

0 C



t-
c.

~ ~ ~
P I I

C C r
Ll 3 *f h!

n
t

r'
m

'i N L'
I'1 P!

I
'll

u ~ ~

 '' hl

r<- r,h t
L ul C v  ' ~

�, r
cf I I' I

�
~ u u ~ ~

hl CL'  I L. Pl ~ I

,rh

C I' I
I 'I

'1

Cv Cu

uf
a' c ch
C'I ~ I I'3

NC nv
a! P
~ ~ I

l o
rr m <3

W

M QJ
 Q

N 0 �
~ u ~

CLJ 47 f'
0 c! o
rJNCu

I PJ
I'- 0

  I
L ~ ' f33
L. Lu L
~ ~

 
r; c'I

LA L I
c.

a .f
d 0

h.
CL i. C

p I'u
N rJ c.'

 u I PJ
U 0 af

ruI'-
c
~ ~ I'.

P '
N rl cf

C QJ
4 I
I'I N

~ 'I
u'

~ ~
L1

CJ

ih
0 v

t ~
r w r
~ ~ ~

 !O' C'1 Al

Pl
lil

0
0 d

~ ~ ~

d
 ' I

a
If Pl
rl a'
ul

c ~ ~
f, h

 '1

Cf f'.I
P
0a' ~

Lf

Ll
I'1 ~

~ ~ ~
0 I
ru hl

cu

C
~ ~

 I P!  hl cu N N hl

r? u'
C'

h'

c m m
0'

0 C

'3
e

v

p r
f f

r
f 

rh
0  

0' I

' 
0 C'

 

0 0 C
0 n C
0' ih

 
rP f

~ ~ ~
d
0 0 o n

m

  I'  T

n
Cl

i
0 Cr'

0 ~ ~
CP

0 ,7  h
;1

~ ~
PJ I I
0 0

0
0
C C
0 h  h
~ ~ ~

I' W Ll

h 0'

 '

n

0 C' 0
CC' h' 0'
Cf

n c
~ ~ ~
~ ru h

0' 0'

3! c c u. u - 4 0 ~ 0 u! u;
hl ~ r I hl t h- CP N d

N a' Pl fp P- al 8 � e rh lru
a I Cl' uf LJ' I 0' rl a! h'

ch m 0 0
chrpo000000

' ~ u ~ ~ ~ ~ ~ ~ ~ ~ ~
u vp c 92r 0 r! ~ hl

I r- p- t- t- t- rr a! CQ a! �

0 n
n r

~ ~
CJ 0
a 0

O' 0'
0 I?
O' 'P
C ~ ~
CP 0'

 P C
rl rl d Lu " I'-  f. O' C - I ' ''1 l L"

rufur.  fr

L1
h 0 Ln

O
~ ~ ~

0

O r. 0
<0 ~ ~
fu  0

0
L!

ut
u ~

0

0 r? 0 0 0 0 0 0 0 0 0 0 0 n n 0 0 n 0 0 0 0 o c! 0 0 0 0 0 0 n c! 0 0 0 0 =3 ! n ! n 0 . h nu ~ r ~ u ~ ~ ~ ~ u ~ ' ~ ~ u ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ u ~ ~ ~ u ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
0 n Cl 0 O 0 0 O O 0 ! O 0 f! O o O O 0 O O 0 n 0 f! 0 0 0 0 O 0 0 n 0 0 0 0 O D n O O 0 O 0

'0

 Q
0
v'

I ~
Lcp a'

!t'
I'. t'- 1
rh
V'~ ~

 h

L. P'
43',
0

O' C L  
L  Lu

~ ~ ~  ff' f
n

al «Q c.. a
a a

 P Qu h  h
 P 0' fh 0'
vPP<p~ ~ ~ ~
cP 0 IP 0'

f  Q
fl m
Cp  .u

 P
0 0

Xl K
lf a'

0  P LP  P 
L'

~ ~ t
fj GL fp

� CQ  Q

4! ch <Q a!
<Q

  0  l
0'  P I"

rP v. V V
~ ~ u ~

0 O' 0
 fl ch �

0' a' a'
fP � 0'

 P 4'
~ ~ ~

 P  P
a 'Q c.,

CQ
a!

Lll
LP 0'
Lh ~ ~
u  J

a,I'-
r oft-
t Mhl

rn IQ
hl M

~ ~ ~ ~
u? w u? IQ

'.0

 fl
C

0 ~ u
LJ CP
a! a!

0 CQ
gl

Ll J'
0  h
0 v'

LPPl

PD  Q
t

 Cl rp
0'  P
 f fh
v'1 V

~ ~ ~
0'  P LP

'0 LQ 4.1
0' L" <P 0'
0  P P LP
 P v' LP~ ~ u ~
IP v' LP 0
 Q N m <Q

CQ

f?1
0' 0
~ ~
c a!

C� M u!
N d u!
CJ a! u!

cu
N I'!
0 pc
~ u
Lp a! al
� CQ �

'0 0 u!
r,l ,,3 n
0 U! P

CP
Ln
~ ~

r
w a! 'w'

n
0 n
o n~ ~
0 0

PI
l 13 hl

n n
0

i!
C! Q

f 3
r?

'I ~
0 0

~ u

0 r!
0 0u
0 0

rl lJ

n n 0
0 r r!

OOO�~ ~ ~
oooo

!
0 0 0

n
~ ~ ~

0 0 0

hl

0
'! 0

f! 0
o

V 0
0 <3

e 0

0 n
0 0

O
0 0

Lft M

n
0 '!

0 n 0~ ~
OOO

PJ
1

n
f  ! 0~ ~

0 O 0

I
?�

�
<1

<0 f

n
O
O~ ~
0 Q

u!
n<3 n

I 0
O~ u ~
0 0 0

hJ
nnn
non
0 n 0~ u ~
O O Q

'P t
0 0

oooo
 ? <3

! 1 ~ 3! n~ ~ ~
0 0 0 0

0 <Q
up u!

0 O
'7 0u ~
0 0

LP
ul

n
n n
0 0~ ~ ~

0 0 0

41

P.

CL

C!
Z

0
f 1

uf'I

~ ~
u!

41
P 0 I

,? ? ~ ~
I-
LC

uf J'

,1

0 hl
Ll! u!
a I «I

1

~ ~
0 Lu
:Ll 0L

Ln

N <' I
N

~ ~

O
0' a;

Cl
0' *

~ ' ~ ~

o 0
0
1
0 0
O

0 I

d r!
u ~

'3!
u! 41
'1 Q
"I

ff
u

IQ

l P d
ul
0'

L!
rl~ ~ ~

P'I
13 3

lrl O
0

T ! Ll
~ ~ ~

hl
~ ~

0

O
M

WJ
~ ~ ~

M
c! 0

rl m
'J

N
~ ~

D 0

cf d f'J O
4! 0

0 ~ M f
4'I ~ LA
f! u! 0
u! Cft 0
~ u ~ ~

I' 1

Lfla 1cpa 0 u'1
hl

'3 PJ r! f
cr CQ

~ ~''I W <h
U hf 'l J

LJ

cU
3

I!

I
n
,n

fl Ifl 0'
n
Yl I,'I u, 1

0 N 0

I?7
4 a'

u ~
Q

11 I
I c
h

u

'l l f
fr r"1
  0
,n
~ ~

r!
'7 ac u!
r
1
0
~ ~

r
AJ  I
0 a cr

i!
'1 lh J
0

n n ~
r!

n 3
I,.

ul
~ ~ ~

O' 0 0

f
J I'1

P~ ~
0 0

0 al
m

n
I �
u 1
~ u ~

o 0 0

ln  h
0

92 ~ ~
0 0 0

J LJ
n

0 0
al 10
C.l r'f
ul ~ ~

hl
n
lh Pl r

r1
u

mrnn
LP  Q

I �
P-

d
~ ~ ~

0 0 0

0
t
'M a3

'0
~ ~

0 0

I
P!
4"I, I
~l
~ ~

0 0

P'I ~ 0
'1 hl
r u d

0
11 Ill
h~ 1 ~ ~
O � O 0

0
Ll

I
L'I

'r
f
~ ~ ~

~ ~ ~
oooo

' 
~ 92

C3 *onon<!nnnooOOQO

e c.
n
n

r

N

O f.' fl
C '
n J

0 Q  ?~ ~
LI

hl ll iN

o 0 0
0 c ~
r! 0

c! r! f 
~ 92 ~

0' fr 0'

0 0 o
o 0 f'

0 0 0
0 c! 0 0~ ~ ~

 .1
N

0 0 n
c>nn
0 0 <1
0 0 O
~ ~

fu I

0 n  !
0

con
! 0 v
~ ~

C!
~,J hl

n 0 0
0 0 0

c. 0
0 n L!
~ ~

c! n I!
C' C. 0

n r'I LD
~ ~

f   f1
ul u! al

ono
0 0
0 0 0
O 0 O~ ~ ~
0 lP 0'

0 0 0
r! o
 'I n O
  0 n
~ ~

n w cu

c! 0
 ' c
c

~ ~
lh

ih LP Lh

0 0 0 CI
0 �

0 C! 0 Cl
r'! O n O

~ u ~ ~
n

O 0 ',7 C.! 0

o 0 0
n 0 cl

O~ ~
If'  P

0

o
0 o

nno
0 0

~ ~
 J' I

0
  f � c
 ! r 0
n 0 n
~ u ~ ~

0'
0 <? 0

h?
fl < O
c'I n
~ l ~

hl
al IQ

n onn
0 0 CL

I,'7 <7 f r!
O 0 c3~ u ~ ~

I'! a LD  0
m al a! cp

0
0 0
c! n
~ ~

0 C'I
0 cp fl

41
C! I I

~ ~ ~
f- Lf'

'J'
n

,92
M
«t I'1 0

fc!

r r r

'! '3
C! D 3~ ~ ~

r,

L7
M

0.1
~ ~
?

l hf

0 p. m
0 Ol1 fh v

I r
~ ~ ~

Cl

I'1

O �
0 0
Cu

0
fh

0' 0
�

O CP
M  h

~ ~
P f
a

t N
0
n O
n
~ ~
0

1
c7
0 C!
0

0 X I

I IJJ

LLJ
Ll

fY
u.
J
t
f

Z

D 0

n

0 O cl 
�
n c-
o n
~ ~
pa

f! hl
Ll  
 ' u

dI'
~ ~

0

a a!
u.

0'
01
v vl
~ ~
LP V'
cp

Q3
vp 0
CI

h v

<Q

4
vu ~ ~
v' lh
!3

 l
C Q

I
-r

1
~ ~

PI

n

<7 ?
0 0~ ~
0 0

'fl

!'!  Q
~ ~

O CPI
ru

i I Lh
~ ~

0 0

0 c!
 ?

0 0 0 o

0

1 1
3

r
1 1

r

'1
~ ~

0



0 rh

0 0
44

<C ~ ~
!

0
<I a;

«>
D<
~ ~

4
A

0
0 0

0
0. P- G' 0
4 I 0  I'
~ . ~ ~

tr! <D a'.
NNNPJ

Dl  «I
 'J «I N

N
0 0 0
« ~ ~

0 0p- <p a'
 92j  II

C' Dt
O' D<
D< 0  !

 >D' D<
~ ~ «d'
«> a 4

I
h' g   44
D Dh D' 0'

rt'  l D'
V rr,

V
~ ~ ~

0<
I'! I' I f"l

D<
  0

C'
h'

0
~ ~

 

Ql D f«
m  P C

�
0  T V
~ ~

V I ~ A
d

I'
h< 4

f<

rp
.T
~ ~
p'I «I

M

0 «D
V

D«D'
r C'
O' D'
« ~

 >

<'1 I
:- r

IW
f,

~ ~
I'! P'.

0 n O 0 0 > 0 O O 0 0 0 o 0 0 O 0 0~ ~ ~ ~ ~ > « ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~
0o<D oonnOooOonoOOoOo

� ai a' �
I

a!  D < '  D
D«D< V'  !«V<
C«V'  !«G' V'

V' V'
~ ~ ~ ~ ~

0 V'
a!  D a! a!

 r> <f!  r!
I P

a! a a! CI
V<

V« !<  T
v

~ ~ ~
V' V' V' IP
a> <D  D �

a.  D C
rD 4

 P V <P
t>'

4> <!<
~ ~ ~
V' 4> <P
fr> a! al

4' <D
tt! �> <IJ ai
 «J'
V  > 0 V
v' 4 V' I<'

~ ~ ~ a ~
V' V'

fr! Xl

 D
0 0 0
0 o
Q '3

0 0
I

'!
non

n > r>
0 <D 0 0

n n
n <! 0 0~ ~ ~
0 «> 0 0

pf MI
P! O
n n
<3 O
0 0
~ ~

0 0
I I

0
0 0 0

0
0 0

0 O
0 r! O
~ ~

0 0 0
I I

4! 0
� P tf>

� I Dl
r!

0 w I'!
~ ~ ~ ~

4h <! 0
0

QI M
PJ 0

~ ~

0
N DJ a!
lT ai ~ 0
<'I
0 rpr a!
P- 4 'h 41
~ ~ ~ «

<D

r'I 0  f!   !
p>Noa!
0
0 a! 4- Cl

DI C! r
~ ~

hJ P!
r

PJ <J'
o! Nr

I 'Ji
0 Iih

pJ
~ « ~
't, I

Jl

4h �
o a>P!

P
41 I!
~ ~ 4 ~

0 0 r! 0

Pl
t� I!' 0

<4 lh pl 4'>
r ID PI 0

«D
Ih <I! I I Ih
5 ~ ~ ~

onoo

Pl f!I  ! r<l
t I P r

<h «> <fl
al IJ Ir
'D Ih ah

~ ~ ~
r> 0 0 n

Na!m

<I; tJ
<I r r
lr! II I 4 <

pf 0
l.t
I "'I'

0 o 0

0
�

0 0 0 0 0 0 0 0  ! 0 O 0 0 0 4> 0
<hnoonn!!>noon«>00<>0
M<DO OO<!rnnnnnonno
n 0 «> 0 0 0 0 0 0 0 0 0 0 n 0 0
~ ~ ~ ~ ~ ~ ~ > ~ ~ ~ I ~ ~ ~ ~

 f! <D r ai v' 0 «N P! .r tl! D P cl o' 0
PI <h r<! «I «> 4 a' V «> 0 c  > «r 4!

H ««r«

~ ~
~ <h

32

<f«7
4«

<, 4'
V

1 .I'I

DI

0 c!

V
D'

~ ~

hl

<th
on
0 0
0 o
0 0
~ ~
0 0
I I

0 4:
P 'I If!
 I!
 'I
M 41
IJ!
N N

r O
0 0
0 0

0 0 0
I

M
a!

0   !
0 r<~ ~
0 C

 I«0

0 0
0 0~ ~
0 0
I I

Ith «P
 >«DI
uh

«>
<I! Ith
~ ~

0 0



REFERENCES

Albertson, M.L., Dia, Y.B., Jensen, R.A., & Rouse, H., �950!
Diffusion of Submerged Jets. Trans. ASCE., Vol. 115 p. 639-697.

Barber, R.T., et.al. �977!
The Distribution of Toxic Metals in Marine Ecosystems as a Result
of Sewage Disposal and Natural Process' Water Resources Research
Institute of UNC. Rept. No. 123.

Brooks, N.H., �970!
Conceptual Design of Submarine Outfalls - II. Hydraulic Design of
Diffusers. W.M. Keck Lab. TM 70 � 2.

Brooks, N.H., �973!
Dispersion in Hydrologic & Coastal Environments. Keck Lab. Rep. KH-
R-29  Also EPA Rep. 660/3-73-010! ~

Bulirsch, R., Stoer, J., �966!.
Numerical Treatment of Ordinary Differential Equations by Extrapolation
Methods. Numerische Mathmatik, Vol. 8, p. 1.

Cederwall, K., �971!
Buoyant Slot Jets into Stagnant or Flowing Environments C.I.T. Keck
Rep. KH-R-25.

Ditmars, J.D., �969!
Computer Program for Round Buoyant Jets into Stratified Ambient
Environments. C.I.T. Keck Tech Nemo 69-1.

Environmental Protection Agency �977!
State and Local Pretreatment Programs � Federal Guidelines, 430/9-
76&17a, Office of Water Program Operations. Municipal Construction
Division Washington, D.C.

Fan, L.N. �967!
Turbulent Buoyant Jets into Stratified or Flowing Fluids, C.I.T.,
W.M. Keck Lab. Rep. KH-R-15.

Fan, L.N. & Brooks, N.H., �969!
Numerical Solutions of Turbulent Buoyant Jet Problems. C.I.T. Keck Rept.
KH-R-18.

Fox, D.G., �970!
Forced Plume in a Stably Stratified Fluid. J. Geophys. Res. 17 p. 6818-
6835.

Gvar, C.W., �971!
DIFSUB for Solution of Ordinary Differential Equations. Corzn. A.C.M.,
p. 185-190.



Jirka, G., & Harleman, D.R.F., �973!
The Mechanics of Subnmrged Multiport Diffuser for Buoyant Discharges in
Shallow Water. M.I.T. Parsons Rept. 169.

13.

Koh, R.C.Y., & Brooks, N.H., �975!
Fluid Mechanics of WasteWater Disposal in the Ocean. Ann. Rev. Fluid
Nech. Vol. 7. p. 187-211.

14.

Koh, R.C.Y. & Fan, L.N., �970!
Nathematical Models for the Prediction of Temperature Distribution
Resulting from the Discharge of Heated Water in Large Bodies of Water.
EPA WHZ Series 1.6130 1%0.

15.

List, E.J., & Imberger, J., �973!
Turbulent Entrainment in Buoyant Jets & Plumes. J. Hycl. Div. ASCE.
Vol. 99, No. HY 9, Sept. p. 1461.

16.

Liseth, P., �970!Mixing of Merging Buoyant Jets From a Manifold in Stagnant Receiving
Water of Uniform Density. Univ. Gal., Berkeley. HYD. Eng. Lab. TR Hel
23-1.

17.

Morton, B.R., Taylor, G.I., & Turner, J.S., �956!
Turbulent Gravitational Convection from Naintained & Instantaneous
Sources. Proc. Roy. Soc. Landon, Ser A. Vol 234, p.l.

l8.

Morton, B.R., �971!
The choice of Conservation Equations for Plurre Models. J. Geophysics
Res., 76, No. 30. p. 7409.

19.

Nospal, A. & Tatinclaux, J., �976!
Design of Alternating Diffuser Pipes. J. Hyd. Div. ASCE vol. 102,
No HYA.

20.

21.

Priestley, R.B., & Ball, F.K., �955!
Continuous Convection From an Isolated Source of Heat. guar. J.
Roy. Neterol. Soc., Vol. 81, p. 144.

22.

Shirazi, M.A. & Davis, L.R. �972!
Workbook on Thermal Plume Prediction, Vol. I, EPA WAR Series 16130.

23.

24. Sorrell, F.Y., �978!
Outfall Diffus  r Hydraulics or Related to North Carolina Coastal Waste-
water Disposal. UNC Sea Grant Pub., UNC-SG- 78-01.

Pearce, L., & Smallwood, C., �978!
Nature of Wastewater Pollutants Discharged into the Ocean. Interim Rept.
Ocean Outfall Wastewater Feasibility and Planning. Center for Marine
& Coastal Studies, NCSU. Raleigh, N.C. March 30.



25. Sotil, C.A., �971!Computer Program for Slot Buoyant Jets into Stratified Wibient Environ-
ments. C.I.T. Keck Tech Memo p. 71-2.

26. Wallis, I.G., �977!
Initial Dilution with Deepwater Diffusers. J. Water Pollution Control
Fed. Vol. 99 p. 1621.




