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ABSTRACT

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 individual round jets from the diffuser ports arnd
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 mumerically. Results provide the velocity, width and dilut-

ion of the jet or plume.

Calculations were made for a mumber of cases where experimental results
were available. The model 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 underestimates 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. Additiomal data on the
process by which the plumes merge is especially needed. Moreover, while
dilution 1s the parameter of greatest interest to the engineer, it is shown
that it is a fairly insensitive measure of flow dynamics in the mixing zone.
Therefore, the measurement of some other quamtities such as the velocity or
plume width would be of more use, This is particularly true when attempting
to understand the flow—dynamics in the near~field and when comparing results

from different models or situations.
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NOTATION

The following symbols are used in this paper.

%:’

Jet or plume width.

Densinetric froude number based on port diameter.
Acceleration of gravity.

Height of plume use before merging.

Plume translation coefficient.

Port spacing (c.f. Figure 1).

Coordinate normal to two—dimensional plume axis.
Coordinate normal to round jet or plume axis.
Coordinate along jet or plume axis,
Jet or plume centerline velocity.
Entraimment velocity.

Plume translation velocity.
Horizontal coordinate.

Vertical coordinate.

Fntrainment coefficient.

Angle of plume axis with horizontal.
Spreading coefficient (A?= Schmidt rumber).

Density of background ocean water,

0(s)=Density of fluid in jet or plume.

05~

Density of ocean water at discharge point.
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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
surrounding water as much and as rapidly as possible. The benefits of this
mixing are lower concentration of the effluent, even mear 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 momentum and buoyancy of the discharged
effluent as the driving forces and attempts to direct these forces in a way
to produce maximm mixing., These mechanisms are effective only 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 (or ambient) conditions in the ocean. The purpose of
the work reported here is to provide an analytical techmique for describing
the flow dynamics in the "near-field" mixing zone, and to predict effluent
concentrations in this regiom,

The complete design or feasibility analysis of a marine outfall is
obviously quite complicated. In addition to the primary objective of maximum
mixing, the diffuser is also subjected to both economic and structural
constraints: 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 more productive approach, and the one employed here, 1s
to consider a proposed or probable design and to analyze the mixing 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" flow dynamics, if
it is determined that the design does not provide adequate mixing or that it
results in an adverse environmental or public impact, the design must be
altered and subsequently re-analyzed.

Before proceeding further with analysis of the flow dynamics and mixing,
some consideration must be given to the discharge of toxic materials from
the outfall. No amount of mixing with ocean water, no matter how 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 some identifiable (trace) quantities of heavy metals and
possibly other toxic materials. This also applies to the ocean, which contains
most known toxic substances in very small, but often measurable quantites.
The usual approach (which is supported here) is to 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.
(1977) 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 ampunts of toxic materials. Moreover, toxic
materials from new industrial sources are required by the Envirommental
Protection Agency (EPA) to be removed by pre-treatment before discharge into
a mmicipal waste treatment facility. Using federal guidelines as a standard
(EPA, 1977), it can be shown that all known toxic substances can be reduced
to essentially ambient levels by correct outfall design. This conclusion 1s
supported by the recent investigation of Pearce and Smallwood (1978).

Assuming no toxic materials of significance are being released, the
major concern then becomes the health effects of enteric microorganisms,
These organisms decay with time and, in addition, they are not harmful in
sufficiently low concentrations. Because of this, adequate dilution with the
ambient ocean water will usually prevent them from causing any environmental
impact or becoming a public health hazard. The health hazard can also be
removed by sufficient disinfection, but there are indications that most common
disinfectants may be toxic themselves. Therefore it is very important that the
diffuser provide the maximum mixing possible, and that this mixing and the
resulting dilution be accurately predicted. This will enable, among other things,
use of a minimm amount of disinfection.

Proceeding the detailed description of the model used for the near—-field
calculations, a brief discussion of the overall operation and design of a
typical outfall is given. As previously mentioned, the model requires that
a specific design be available for the analysis. This means a specific diffuser
geometry 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 (1978) 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 method for mmerical 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 (1970), and a excellent summary and overview
of the problem has been given by Koh and Brooks (1975).

As previously mentioned, the near-field mixing zome of the diffuser is
that region where the flow dynamics are either completely or partically con-
trolled by the discharge conditions and the diffuser. Conversly the far-field
is that region where the mixing and/or flow dynamics are controlled primarily
by ocean currents and eddy motion {turbulence). -In some situations, high
volume thermal discharges also may modify the far—-field. Thus, the flow in
both the ncar and far-ficlds may be at least altered by the discharge. This
is partically true for high volume thermal discharges in very shallow water.
This is not the situation with wastewater discharges in the ocean, however,
and thus the far-field is not considered here. Moreover, design or feasibility



calculations are normally for "worse case" conditions or the set of circum-
stances that produces the least mixing. Usually this is zero current, although
the recent work by Nospal and Tatinclaux (1976) 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 various aspects of the model a qualitative
description the flow 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 ultimately the
individual jets begin to interfere with each other. It is generally accepted
(Koh and Fan, 1970; Jirka and Harleman, 1973; Shirnazi and Davis, 1972) that
the individual round jets interact to form a two—dimensional or slot jet.

The situation is depicted in Figures 1 and 2, where the resulting flow ficld,
after interaction of the round jets, is a two—dimensional buoyant plume rising
from either side of the diffuser pipe. These plumes continue to entrain flurd
as they rise. Because there is a limited volume of background fluid between
the two plumes, they move toward each other as required by the conservation

of mass of the fluid between the two plumes. If the receiving water 1s sui-
ficiently deep, the two—dimensional plumes eventually will merge together as
they rise thus forming a single vertically rising plume. It is a plume in

the true sense, because the horizontal discharge momentum has been canceled
and the only driving mechanism is the buoyancy of the less dense effluent.

The merging or joining of these two—dimensional plumes has been observed in
the field and has been demonstrated by the laboratory experiments of Liseth

(1970).

Therefore, although the effluent discharged from a multi-port diffuser
begins initially as a series of round horizontal jets, these jets usually in~
teract very quickly to form a two-dimensional 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 flow patterns do not greatly alter the fimal flow geometry or
dilution of the effluent as it reaches the surface (or a terminal level).

This has been demonstrated by the mumerical experiments of Wallis (1977). And,
in fact, Koh and Brooks (1975) 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 entraimment and, thus, the primary long-term driving mechanism is buoyancy.

Southeastern coastal waters are relatively shallow, however, and thus
the round jet interaction and the subsequent merging of the two~dimensional
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
mixing requires an analysis of the round jet interference, and of the merging
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and the two—dimensional 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
from any multi-port diffuser operating in southeastern coastal waters.



MODEL

The model utilized has its origin in the classical work by Morton, Taylor
and Turner (1956), and by Priestley and Ball (1955). 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. In 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 Morton, Taylor and Turner (1956) are conservation of mass,
momentum 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 cutfalls was by Fan (1967) and by Fan and Brooks (1969). There
have been numerous other approaches and improvements using basically this method.
Morton (1971) gives an excellent discussion of the various different conservation
equations that have been used and the particular advantages of each. When
using the entrainment assumption the entrainment velocity is usually related
to the mean flow velocity at the jet or plume centerline by use of an entrain—
ment coefficient. The entrainment velocity being the entraimment coefficient
times the mean velocity at the centerline. The question of the functional
relation between the entrairment coefficient and the mean flow quantities has
been considered in detail by List and Imberger (1973). At approximately the
came time Jirka and Harleman (1973) suggested a specific relation for the two—
dimensional buoyant jet, based in part on the work of Fox (1970). In the work
considered here the discharge momentum 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 entraimment coefficient, typical of that
reconmended by Brooks (1973) for plumes. The actual values are given in Table I.

TABLE 1

Values of Entrairment Coefficient a and
Spreading Ratio A Used for the Calculations,

Round Jets

Entraimment Coefficient 0, =¢ .082

Spreading Ratio A= 1.16
2-Dimensional Plume

Entrainment Coefficient o= 0,14

Spreading Ratio ro= 1.0

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



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 from 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. (1950). This results in a
velocity profile of the form:

u=u(s) e ~r? /b (1)

where u= centerline velocity, s= distance along the jet or plume axis, r=

the coordinate mormal to the plume axis and b = the (local) plume diameter.
In order to allow for different rates of spreading (different effective
diameters) between mass and momentum, the density profiles are represented by:

a0 _PaP) a2/ (ab)? )

o o

where po = the ambient or background density at the discharge location, 0=
the ambient density, p(s) the demsity of the fluid in the jet or plume, a
and A,= the ratio between the mass transfer diameter and the momentum
transfer diameter of the jet or plume. As such Af is the turbulent
Schmidt mumber which is assumed constant and is usually found to be some-
what larger than one.

These profiles are then integrated over the area of the jet or plume to
yield gross flux conservation equations, In the present approach equations
for conservation of mass, momentum and buoyancy are obtained. Brooks (1973)
gives a summary of this calculation and a report by Ditmars (1969) provides
a detailed description of the procedure as applied to a single round jet.
After integration and some subsequent manipulation, one obtains a set of total
Aiffere-z1al 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, 6 and the x and y coordinates of the axis. These equations

are

du _ 2gh1”(pa - p)sind _ 2au

ds u o b 3
g% = 2a; gh:? (pa — p) sing %)

u? po
dea—p)_ 1 +\1*  doa . .2Mi (pa—p)
1= NG & Sinf=——p=—= (5

do _ sgri’(pa—p) cosb

& ©

u )

§§ = cosd (7
4 - sing (8)



Using the previously established initial conditions these equations are
then integrated numerically. Two mmerical procedures were used. One was
an extropolation algorithm developed by Bulirsch and Stoer (1966) and the
other was a modified Adams predictor—corrector algorithm developed by Gear
(1971). 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 spacing L (c.f. Figure 1). At this time the computation switches the
model from a round jet to a two-dimensional or slot plume, This approach to
round jet interference has been suggested previously by Cedewall (1971) and
utilized by Jirka and Harleman (1971). An alternate criteria for transition
has been suggested by Koh and Fan (1970) based on equal entraimment rates.
While this may be more satisfactory from a philosophical view, the result is
essentially the samc 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 two-dimensional plume is quite rapid.

The model thus produces transition from round to slot plumes when the
round plume width ecquals some fraction of the port spacing. Present calcu-
lations were made using 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 CEERTEL Lo Lo synsl o fhose
of the round plume immediately 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 summarized by Brooks (1973). A detailed description with
constant entrainment coefficient is given by Sotil (1971) and with a variable
entraimment coefficient by Jirka and Harleman (1973). 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 plumes on either side
of the diffuser to move toward each other, After formation ol 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 diffuscr and ts thus
severely restricted. Accordingly, merging of the two—dimensional plumes 1is
assumed to begin after the tramsition from the round to the two-dimensional
plumes. When this occurs the two—-dinensional 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 entrairment velocity. The



present model assumes that the plumes move toward each other at some fraction
of the entraimment velocity. Iplicit in this is the assumption that the
entraimment 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

v, = KV, ®
where V_ is the velocity of the plume nommal to its axis (see Figure 2}, V,
is the Dentraimment velocity and K is some constant less than or equal one,
Using the concept of an entrainment coefficient, a2, the equation becomes:

VI'I =Kaz u (10)

where u is the centerline velocity. It is reasonable to expect the merging

to become 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 most accurate way to do this from 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 two—dimensional plume. That is the two-dimensional
velocity profile is given by

2 ?

u = u(s) e /b (11)
where u= the center velocity as before, n= the coordinate normal to the
plume axis, and b is the (two—dinensional) plume width., The profile of
density deficiency with respect to the amblent density is given by

P, p{s,n) Py~ p(s) —n? JA%b)2
= e

o %o

where the density symbols, p, take the same meaning as in equation (Z2).
Again A% is the turbulent Schmidt, but in this case for a two—dimensicnal
plume rather than the round jet or plume. Values that were used for a,,
and o, and of A, and A, are provided in Table Ij these values have been
suggested by Brooks (1973). Using these expressions the two~dimensional
plune 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 _ 2 _ .
- v2 gh,?(Pa — P) sinb _ 2a;u (12)

u Fo b

db La; _V2ehz(pa = p)b sind

ds Vx u fo (13)

10
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%2— = !%_gi (pa —p) cgfe + %E*- 52 % (15)
%g = cos® - ko,siné (16)
gg = sin8 + kazcos® an

All symbols in these equations have been defined previcusly. The tems on
the right of equatious 15, 16 and 17 (enclosed by the square brackets) are
the additional terms added to model the merging process.

The trajectory of the two—dimensional 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 l/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 symmetric this occurs at x=0. Therefore
the merging criteria is when the immer edge of the plume intersects the y-
axis. After this occurs the model makes the tramsition to a single vertically
rising plume. The initial conditions for the vertical plume are an initial
width of twice the single plume (two individual plumes have merged), and
initial velocity and concentration equal that of the two—dimensional plumwes
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. Mumerically this is a special case of the two-dimensional plume
and is quite easily carried out. Figure three shows a graph of the previously
defined edges of a plume which was drawn by computer. The calculation is
for 9.15 am (0,30 ft.) diameter ports, spaced 731 cm (24 ft.) apart on
each side of the diffuser and with a discharge velocity of 192 cm/s (6.3
ft.s). The discharge is fresh water into weaklg stratified seawater. The
seawater density at the diffuser is 1.025 gm/cm’. The transition from
round to a two-dimensional plume occurs at a height of 2130 cm (70 ft.)
above the bottom. The above parameters were chosen to model the Orange
County, California, marine outfall. The actual computer program for this
case 1s given in Appendix I of this report. Results from this program are

given in Appendix II.

In summary the model considers two distinct interactions (1) The
interaction of the individual round jets from the diffuser ports to form
a two-dimensional plume. The interaction criteria is based on a comparison
of the round jet width to spacing or distance between jets. (2) Merging of
the two-dimensional plumes rising on either side of the diffuser. Merging
criteria is based on overlapping of the inner edge of the plumes.

11
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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 compare computed 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 surprising that, in view of the large quantity of
high quality analysis devoted to this problem, only a meager amount of exper-
imental work has been undertaken.

Of the experiments reported in the literature, those by Liseth (1970)
seem the only ones suited for the present purposes. These experiments were
on the discharge from a model of a multi~port diffuser and were conducted in
the laboratory. Liseth (1970) reports results from a large number of experi-
ments in which he measured dilution at the jet or plume 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 mumerical model was run in all
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 two—dimensional plume occurs very near the
diffuser and the subsequent merging into a single vertical plume should be
primarily because of entraimment into the two—dimensional plumes. Thus the
merging must occur relatively independently of the round jet interaction. This
was modeled numerically by assuming an equivalent two—dimensional plume initally,
that is, beginning at the diffuser. This model should merge at least as quickly
as the experiments, and thus the value of K determined in this manner should
be a minimum 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.

It is rather surprising that, in order to achieve merging of the two-
dimensional plumes as rapidly as observed experimentally, they must 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 two-dimensional plume. I
would therefore rule out some motion toward each other before transition to
two-dimensional plumes as an explanation of the relatively large value required
for K. A possible explanation is the gencration of a pressure field that would
promote merging in addition to that which occurs from simple mass conservation.
Clearly the model is too crude and the experiments too sparse to explore this
further.

13






TABLE 11

Comparison of Computed and Experimental Values

Diffuser Characteristics

Port Diameter = 0,373 Cm.
Port Spacing = 10 Cm.
Discharge Velocity = 84 Cm/s. Froude NMumber = 24

Computed Values

Round Jets Merge

S = 25 Cm. Height = 12 Cm.
Vertical Plume
S = 106 Cm. Height = 92 Cm.
Comparison At
S = 40 Height = 25
Measured Calculated
Width 22-24 Cm, 19.5 Cm.
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, Moreover, 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 will occur.

15
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SUMMARY 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 entraimment assumption. The
interaction of the round jets from the individual diffuser ports was modeled
by a transition from round jets to a single two—dimensional plume. This
was assumed to occur when the width of the jet reaches some fraction of the
port spacing. The resulting two—dimensional plumes from 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 plumes themselves. It is modeled by assuming
the plumes translate toward each other at some fraction of the entrainment

velocity.

Results calculated by this model were comparcd 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, 1t 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 1s especially needed. More-
over, it is concluded that while dilution 1s 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 does give reasonable agreement with the experiments
over a fairly wide range of discharge conditions and over the complete range
of flow patterns. In most cases it slightly underestimates the dilution.
Thus, the model should be a useful tool in helping design engineers determine
the minimum mixing that will occur in the discharge from any marine outfall

used in southeastern coastal waters.
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APPENDIX 1
Computer Program
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FURTRAN [V G LOVEL 2% AL N CATE = Y0291

[+ 1= )
0084
cgas
COR6
ooar
o088
Loa9
0090
0091
Qa2

Co93
auss
i~}
09398
ncar
Q093

acas
cL00
G101

o102
Dig3
0304
0105
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a1Q7
21238
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R g
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a1z21
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2123
clz24
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Jide
ni3aa

-

134
dLas

'

11738743

110 CONTINUE
COUNT =],
DELTA=1.
FROASVEL /SIRTIGRAVADTA*DENDIFZDENLLY)
WRITS{3+123iFRD
120 FORMAT /7, 3DX,4FROUDE MNDLIB) * 21 3X,F13.5+/7}
ARITCS({3,1081})
108 FORMAT{// 405, "DENSITY /)
WRITE( S, 109)
109 FORAATLISK p*S5S9, 1 1XW¢VELDCTITY! 38X, 'WIDTHY y 10X *DIFFERENCEY 45X+ * THMETA
ClpldXe*X CORD' 4 IXatY CORD* W BRW'DILUTION® o/ /)
INT A=)
S IF{CUUNTLT«3) GC TO 91
Kl=K=1
IF(AC{AI)eLELDaO} GO TO &0
1 IF(WIiIT.SEL.PTSPALY GQ TO SO
90 CALL IVOLER(UEINsY s TaNsMTHeMAXOER s JSTART s M HMINsHMAX s PSS ¥YMAX s ERRD
=RyewWKs [ER)
FJAMIA=IA 4JAR
Sl TJd 351
39 CALL IOVOIIRIDFUN Y 3 Ta N MTHAMAXDE Ry JSTART o HyHMINGHMAK S 54 YMAX ,, ERROD
~Hydry LR} ’
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GC T 31
80 [F(INTRAGT2)GE TO 86
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IL2)=¥{l.,2)%2,.
ZL3Z)=vl1r 2
Z10=2L011}
Z20=sL02)
TI=YZ(K1}%100,
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T2=dnNd
T=T2/1030.
MI=T
N=3
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H=0 s
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FEET
IND=3
30 203 M=l.a3
viMi=la
2073 CONTINUE
A6 CALL JREISG{OFNy ZaT aNsJMy IND JESTARTaHoaHM INVEPS Ry VIWGa1ERY
ZL4a)3delal59/2,.
Zi5)=3.0322
Zie)=sT
SAADASIAMDAS
IF{TwuZ.C} 30 TO &
[F{lR.C3.129) GO 70O 1000
A=dadl
S0 T 7
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azls
2216
o217
2218
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Qz20
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oz22
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02z4
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02286
gzavr
0228
0229
az2io
4231
2232
€233
0234

0235
0236
6237
o233
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LTS
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IF(AIITaGLaPTSHACY 6N TO 40O

CCEF22{ 1 #DAMIALED) FJDAMDARRD

DILUTIYAL Lo 1) eYALL 4 Z2)eYAL L ) A{COLI'ZovVEL*UO&I)NT &2,
VELA=YALL.L1)

2IAR=YA{L .2)

JTLJM=DILUT

GO Tu 61

60 DILUT=YA(L . .1)*YA[1.2)/VELR/OLARSDILUR
PiLUS=DILUT

61 THET=Y¥A(l43)4180.-3,.1415927
COUNT=CLJUNT+OELTA
IF(HIIT.GE.ATLPACY GO TO 70
GC-Tu 75

70 IF{INTER.ST+1) GO TO 75
INTZH=2
WRITE(I,71)

71 FORHATI/Z/77 230X« "MERSING OF RIUND JETS HAS OCCURRED' o7}
FRULSYALL 1) /730:3T(GRAVIWIDT*IENIIF/DENI L)}
WRITEL372)FRBL +FRD

72 FIRAATL// 20X, LECAL SLOT FROUJE NOW{uU) ' «SXeF10,5:.20X."INITIAL FRO

=~ d0E NOw (31" 45KsF104547)

75 CONTINUE
[F{£,uT+200.) GO TO 13
ITSTAR] 414 148YAIL 21 0C0S{1.STIT79=YALledd)
JISTY=1a+idl43YA{ 1+ 2¥3SINL143TI59-YALL1.4))

1(KI=SYA{I+51+DISTX

YilK)sYA(L,6)=-DISTY

X2{KI=YA{L+5)~DI5TX

T2(K)=tAl1.06)+21I5TY

X3K)==X2{K)

Y3(K}I=Y2{)

Xa{K)==X1{K}

Y4{K)=YL({K)

ARITELS w00 ISeYATL LYo WIDT oY AL, 3} THET « YAL1+S)+YA(L1+6) sDILUT
930 FORMATI{FLOW3+TF15.6)

IFIX2(M}.LE.D.0)G0 T2 81

GO TO a5

81 IF(INFER.GT.2)} GC TO 85
INTCR=3
WRITE(I»B32)

42 FURMAT(// 30X *VERTICAL PLUME ESTABLIHED® . /)
FROL=YA{1l.})/SORT{GRAVEW [DT4IENIIF/DEN] 1))
WRITE(3 204 I FRUL WFRD

34 FORAMATI// 23X+ *LOCAL SLOT FROWDE NO.{8) *uSXsFLO+5,20X," INLTIAL FRO

~UDE NOwl3)*s5X4F1045+7)

35 CCNIINUE
K=Ke] B

13 CONTINJE
FERE S
IF(YUINTIJI=Y{L1,6))4),41,40

a1 [=l+i1

40 CONTIMUE
IFIY(La0) s GELUEPTHY GO TO 15
{F{Y(l+6),LE.O0.0) GO YO 1003
IF{T.aTs2u0a) GO TO 1009
23 TJd 5
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Q001

oga2
0003
oG04
0005
Q026
6007
Qo8
009
o010
0011
ogl12
Q013
Q014
0015
0016

SUBRIJTINE OFN{Y+sT«N,DY)

DOUGLE PRECISIUN YU(3) 3Ty HaHAINLEPS,S(3) « WK DY (3)
COMMUN/BLUCK A/GRAV,L,VISC WVEL » D1 A JALPHAR » ALPHAS + DAMDAR » DAMDAS
COMMON/BLOCK O/DEN{(4}«YDENT{4D)

COMMUNZULUCK Cr

ALPHA=ALL2HAS

SAMDA=DAMIAS

COEF1=] 4]l 4%GRAVH®DAMDA/DEN (1)

K=I+1

COEF3=ALAPHA/ L ,TT25
SRAJI={DENI{K)=DEN(I})/Z{YDENIK)=YDEN(I )
SY{1)=3COEFLEY(II/Y( 1)=2.xCCEF3xY(1}/Y(2)
OY(2)=4%CUOEFI=COEF1%Y (2)%Y {3}/ Y (1) %%

DYL3)=SART( {1 s +CAMDAX®R2) /CAMDARR2 ) AGRAD 2% COEF3%Y(3})/Y(2)
RETURN

ENOD
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CxF (TS IIdA/Z (W TIGAINTISO* (1 T ) A4 (2 1)dAR T 4H0UD~E4300% H=4{T ) AC
(C2 1A/ I 1) cAREdBOD4Z=( 1 * TICdA/Z L { T T ICAINISAR(E® T3Ax 1 4T0D=( 1) AD
G2L L1 /VHAETIY=F 0D
({TINDCGA=(MINSAAY/Z({I1INZA=(MWINIA)I=CvHD
T+I=3
{TINIGQ/VGWYCXAVHDEH T+ T=132CD
O=QON1I
SYCRYO=VYORYD
SYHAIY=YHI Y
1LAIM/C MOCTIO/NORKOD
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. (#INIAAY (2INIA/O WICIO/NCRWED
SYCRYO ' HVORYA* SYHAIW * UVHA IV VI TZAC ISTACAVYED /Y HOD B /NORWIDD
(W WIMU*(QIAC* DL  (F*E)dA NOISI DTN 2NAQ0
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0T

G200
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-

2001
ooo=2
c0923
0004
0005
Q006
ACO07
0008
0009
Q010
0011
0012
Q013
00i4

0015
0016
0017
gois
0019
0c20
oc21

SUBRCUTINE DEUNLYP TPy MaDY 1P wWy IND)

COUSLE PRICISION YPU2+6) TR, 0Y(6) P (M, ¥)

COMMIN/BLICK A/ GRAVIVISCaVEL sD1A JALPIHAR + ALPHAS ,DAMPDAR.DAMDAS

COMMONZBLOCK U/7DEN{4),YDEN{S}

CUNMUNSDLUCK CrA1

COMUCN/B_JCK D/7WIDT

ALPHA=ALPHAR

DAMIA=DAADAR

IND=0Q

COEF1=GRAV# {DAMDA%®%2)/DEN(1)

COEFe={ L+ +{DAMDA*%2) ) /{DAMCA*%2)

K=1+1

GRADE(DEN(K)=DEN{I) )/ (YDENK)I=YOEN{T1))

OY{1)=24#COEFL1%#YP{1+312DSINIYP(1+4))/7YP{1ls])=2+%ALPHARYP({1l1)7YP(1
-,2)

DY(2)=2 ,%xALPHA=YP({1 ,2)%COEFL1 %YP{1.3) %05 IN(YR{1,4})/YP(1,1)%%2

DY (3)={CIOEF2%DSINIYP{ 14+4))*CRAD I={ 24 XALPHAXYP{ 1, 3)2YP(1,21))

SY(4)1=2%COEFL*YP{1+3)ADCCS{YP(1+4)})/YP(1el) k%2

CYL{S5I=0CIS{YP(L+4))

OY(B)=DSINIYP{1+4))

RETURN

END

27

A-1.



APPENDIX 11

Sample Computer Output for Graphical
results given in Figure 3.
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