INITIAL DILUTION OF SOUTHEAST FLORIDA
OCEAN OQUTFALLS

By John R. Proni,' Hening Huang,? Associate Member, ASCE,
and William P. Dammann?®

ABstRACT: Initial dilutions of four ocean outfalls (the Miami-Central, Miami-
North, Hollywood, and Broward outfalls) on the east coast of South Florida were
determined from dye and salinity studies. In the dye studies, continuous injections
of the red dye Rhodamine-WT into effluent were conducted; dve concentrations
were measured using a deck-mounted fluorometer with a ship-towed sampler and
from grab water samples. In the salinity studics, temperature and conductivity were
measured using a towed conductivity-temperature-depth device (CTD); salinity
deficit was taken as a tracer to determine initial dilution, Results show that initial
dilutions determined from both methods are consistent. Data for initial dilution
and for environmental and effluent parametcrs are interpreted using the dimen-
sional analysis method. A comparison is made between the present data and data
from previous studies. Data for Hollywood and Broward outfalls (single-port dis-
charges) are consistent with previous data. Data for Miami-Central and Miami-
North outfalls (multiport diffuser discharges) are not consistent with data for single-
port discharges. A value of C; = 0.15 for the asymptotic solution for the buoyancy-
dominated ncarfield is suggested.

INTRODUCTION

Initial dilution is one of the most important characteristics in outfall design
und environmental-impact assessment of effluent discharges. Subsequently,
many studies on initial dilution have been performed in past decades. Al-
though fundamental theories on the initial mixing of outfall plumes have
been established [e.g., Wright (1977); Fischer et al. (1979); Roberts (1979);
Roberts et al. (1989a), (1989b), and (1989c)], these theorics were mainly
compared with laboratory experiments, and the verification of the theories
with field data is still rare.

This paper presents field data and analysis for initial dilutions of four
ocean outfalls (the Miami-Central, Miami-North, Hollywood, and Broward
outfalls) located on the east coast of South Florida. Dilutions were deter-
mined from dye and salinity studies that were part of a prcqect called South-
east Florida Outfalls Expcnment IT (SEFLOE II). It is noted that in the
present paper, “initial dilution™ refers to the minimum surface or pear-
surface dilution. All four outfall plumes surface, rcsultmg in so-called “boils,”
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FIG. 1. Location of Four Ocean Outfalls on East Coast of South Florida (® Current
- Meter Station; & Tide Gauge Station)

throughout the course of a ycar. In general, the surface or near-surface
ditution is the dilution measured within outfall boils. .

Fig. 1 shows the!locations of four ocean outfalls investigated in the SE-
~ FLOE II project. All four outfall sites are located in the western boundary
region of one of the world’s most powerful currents, the Gulf Stream or
Florida Current. These outfalls discharge secondary-treated domestic sew-
age whose density is approximately 0.998 g/em®. Two of these outfalls,
Miami-Central and Miami-North, have multiport diffusers; the other two,
Hollywood and Broward, haye only single-port outlets. The water depth at
diffusers or outlets of these outfalls ranges from 28 to 34 m. Table 1 sum-
marizes the characteristics of these outfalls.
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TABLE 1. Characteristics of SEFLOE Il Ouﬂalls

Parameter Miami-Central]| Miami-North | Hollywood Broward
(1) ) (3) (4) (5)

- Average discharge (m%/s) 5.26-, 3.88 1.32 1.90
Discharge depth (m) 28.2 29.0 27.0 32.5
Distance off shore (m) 5,730 3,350 3,050 2,130
Diffuser length (m) 39 110 0 0
Number of ports 5 122 1 1
Spacing of ports (m) 9.8 12.2 0 0
Diameter of ports (m) 1.22 0.61 1.52 1.37
Port orientation ' vertical horizontal | horizontal horizontal

“There are two opposed ports at the ends of the diffuser.

DYE STUDIES

Dye measurements at all four outfalls to investigate initial dilution and
plume dispersion were made during two cruise periods, September 18-25,
1991 and February 3-12, 1992. These cruise periods are referred to as
intensive-measurement cruise periods. The research vessel used in the in-
vestigations was a 103-ft-long (31.4 m) ship named Coral Reef I1. This ship
was equipped with both GPS and LORAN systems for navigation and sam-
pling station positioning.

During each cruise, measurements at an outfall usually lasted about 10—
24h. Two or 3 h prior to and during this period, red dye (Rhodamine-WT)
liguid was continually mjected into effluent at the treatment plant. Effluent
dye concentration within the treatment plant was measured continuously
wing a fluorometer. Since effluent flow rate varied with time, the dye
mjection rate was adjusted in accordance with real-time fluorometer
readings to keep the dye concentrations of effluent as constant as possible.

Dye concentrations at outfall boils were determined using two sampling
methods. The first was direct and continuous measurement by a deck-mounted
fluorometer whose underway sampler was towed and kept at approximately
2 m beneath the water surface. The time interval for the fluorometer mea-
surements was 1 s. The second method was water-bottle sampling; when
the ship crossed a boil, grab water samples were taken from the water surface
using sampling’ bottles. Dye concentrations of these samples were later
measured using a fluorometer. A towed acoustical system and methodology
were utilized for guidance of grab sampling. This technique has been dis-
assed by Dammann et al. (1991). Lok '

" The highest dye concentration extracted from continuous sampling and
grab-sampling measurements during a crossing of a boil was used to estimate
the initial dilution

M

where D,, = minimum surface or near-surface dilution; C, = dye concen-
tration in effluent; and C,, = maximum dye concentration in the boil. In
general, dye concentrations measured by the towed fluorometer simulta-
neous with the grab samples were lower than those measured from the grab
samples. This difference occurs because grab samples were collected at the
water surface while the towed fluorometer measured dye concentrations at
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a level of about 2 m beneath the water surface. Also, before the dye con-
centration of a water sample was measured by the fluorometer, it traversed
“a 30-m hose and had been mixed further. Therefore, only eight among a
total of 47 C,, values were taken from the towed fluorometer data, and the
rest were taken from the grab sample data. Additionally, C,, values from
the fluorometer measurements were peaks extracted from records without
time-averaging.

In addition to dye measurements, currents were measured with mooring
systems deployed in the vicinities of each outfall outlet (or diffuser). Each
mooring system consisted of two Aanderaa current meters, with one of them
located close to the middle depth of the water. CTDs were used to measure
temperature and conductivity profiles, from which density profiles can be
generated.

SALINITY STUDIES

In addition to the intensive cruises, small-boat tests were made once or
twice a'month from August 1991 through August 1992. Two small boats
equipped with LORAN systems were used. One was a 26.5-ft-long (8.1 m)
boat named Hazen and Sawyer; the other was a 28-ft-long (8.5 m) boat
named Park Sounder.

During each field exercise, a boat towed a CTD through a boil and plume
at 1 mor less beneath the water surface, the time interval of sampling was
2-2.5s. The CTD was also used to measure temperature and conductivity
profiles before and after a towing operation. Current mooring systems were
deployed in some periods that covered test durations.

The variation of salinity along tracks were generated from the towed CTD
data: The lowest salinity value was extracted from the records during boil
crossings and was used to calculate the initial dilution as follows:

Sm.'-'—sr___ASe
Dm—snc_sm—ASm

where S,. = characteristic ambient salinity; S,, = minimum salinity in a
boil (S, is an instantaneous salinity value and no averaging over time is
made); S, = effluent salinity; AS,, = maximum salinity deficit in a boil,
and AS, = salinity deficit in effluent.

In (2) salinity deficit is taken as a tracer in the determination of initial
dilution. Eq. (2) is exact for a uniform ambient salinity profile, but is only
an approximation if salinity is stratified. If we assume that salinity varies
linearly from the water surface to the bottom, based on the conservation
of salinity and the concept of entrainment, the characteristic salinity may
be estimated as ;

)

S =38.+38; for BDNF o
| 2 1 -
See = 38w + 3 Sw;  for BDFF )

where S, and S, = salinities at the water surface and bottom, respectively;
BDNF stands for buoyancy-dominated nearfield; and BDFF stands for
buoyancy-dominated farfield. The definitions of BDNF and BDFF will be
given later. The derivation of (3) and (4) is shown in Appendix I.
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RESULTS

During the SEFLOE II project, about 100 initial-dilution data were ob-
tained from both dye and salinity studies for the four ocean outfalls. Tables
2-5 show a total of 72 initial dilution data (47 from the dye study and 25
from the salinity study) with ‘corresponding parameters, including: Q, the
iotal effluent discharge rate; u, the ambient current speed measured at a
depth; u,, the depth- averaged current speed; p,,, the depth-averaged den-
sity; N, the buoyancy frequency [N = (- g/p,, dp,/dz)'?, where g = grav-
itational acceleration ,assuming density was linearly stratified]; 8, the current
direction; 7, ‘and /,,, "the Iength scales for single-port chscharges and the
natio of I, and [, (I, = B/uj, where B = buoyancy flux defmed by B =
0gli80 = reduced gravitational acceleration defined by g/, = (p,, ~ p.,)g/
Puos Po = densny of the effluent; and Q; = effluent flow rate from a single
port; and [, = M'?/u,, where M Q.u;, and u; = exiting velocity of the
single-port dlscharge) The dilution data without. these corresponding pa-
rameters cannot be used for the correlation analysis and are not shown n-
these tables.

Fig. 2 shows typical density profiles measured in the vicinity of the Miami-
Central outfall. Density profiles measured in other outfall areas are similar
to those shown in Fig: 2. It is seen in Fig. 2 that density profile varies from
season to season; uniform profiles are found during winter months and
nearly linear stratifications are observed during summer months. :

Fig. 3 shows typical current-speed profiles measured at a site near the
Miami-Central outfall by an acoustic Doppler current profiler (ADCP). This
ADCP was installed for the period from July 11 to August 10, 1992, It
should be noted that current speeds measured near the water surfacc may
not be accurate, because the water surface could contaminate the mea-
surements. The manufacturer (RD Instruments) recommends not using
measurements acquired beyond 85% of the range when surface or bottom
reflections are present (Appell et al.-1991). In our case, where water surface
reflections are present the 15% of the tange of the. ADCP measurements
is about 4 m from the surface. The current-speed profile is not uniform and
the relative variation of speeds near the water surface and speeds near the
bottom can be as much as 300%. The "ADCP data can be used to obtain
the depth-averaged current speed and to establish the relatlonshlps between
the depth-averaged speed and speeds at other depths’ (Prom et al. 1994).

We have mentioned that the “initial dilution” measured is actually the
minimum surface or near-surface dilution. During all field sampling cruises,
surfacing plumes were observed, even in the summer months when the water
column density stratification was present. This was because the initial di-
lutions of these outfalls were low enough and the density stratifications were
weak enough to allow the surfacing of plumes. However, for the Miami-

“North outfall, some trapping of portions of rising plumes mayhave occurred.

Some uncertainties or errors may be contained in the data. During dye
tests, the chief concern in gathering water bottle samples is, of course,
ascertaining that the samples are indeed gathered 4t a maximum concen-
iration point within the boil. The appearance of -a surface boil permitted
visual observation of the plume, thereby assisting in sample bottle place-
ment. This advantage was not present at night,.and, in fact, nocturnal
simples might yield lower measured dye concentrations, 1nd1caung greater
dilution than did samples gathered in daylight at nearly the sante conditions.
(It is assumed that the higher nocturnal dilutions observed resulted from
less accurate targeting of the boil in sampling, rather than from any potential
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FIG. 2. Typical Density Proflles at the Miami-Central Outfall

unknown nocturnal dilution effect). This can be seen by a comparison of
the nocturnal dye concentration determined dilutions in the data numbers
15-19 and the dye concentration determined dilutions gathered in daylight
in the data numbers 1014 at the Hollywood outfall (Table 4). On thc other
hand, all salinity measurements were made during the day, and there is
good agreement between dye concentration determined dilutions gathered
during the day and salinity determined dilutions.

~ The data shown 'in Tables 2-5 can be analyzed using.a framework of
dimensional analysis. This analysis is well known [e.g., Lee and Nevilie-
Jones (1987)], and the resulting functional form for dilution is

o) o

w3

where 1, = characteristic speed of the ambient current; and H = water
depth above discharge. In deducing (5), one has to make two assumptions:
(1) that the discharge is buoyancy-dominated, which means that 7/l >>
1; and (2) that the ambient density stratification is relatively weak so that
a surface plume will be present. This is the case for these outfalls throughout
ayear. R L

In two limits, buoyancy-dominated near field (BDNF) and buoyancy-
dominated far field (BDFF), asymptotic solutions for initial dilution can be
written as [e.g., Lee and Neville-Jones (1987)]

. : 5/3 . : .
D, 0O m>”
—==C -] ; for BDNF 6
uls ! (lb) ’ o ' ©)
D,0 "\ o |
TJ% =, (Tb') y for BDFF (7)
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where BDNF = region where H/l, << 1; and BDFF = region where H/l,
>> 1. A transition between these two regions is expected at H/l, = 1 (Lee
and Cheung 1991; Wood 1993). Lee & Neville-Jones (1987) used (6) and
(7) to interpret field data at a number of United Kingdom outfalls, and
determined C; = 0.31 and C, = 0.32.

To present our data shown in Tables 2— 5 in the form of (5), we need to
make the following assumptions.

1. Eq. (5) also applies to the diffuser discharges of the Miami-Central
and Miami-North outfalls, and Q, is taken to be the flow rate of one port.
Lee (1986) suggested that if the ratio of the port spacing to the discharge
depth is greater than 1/3, diffuser discharges could be considered equivalent
to single-port discharges. In our case, this ratio is 1/2.9 for the Miami-Central
outfall diffuser and 1/2.4 for the Miami-North outfall diffuser. Also, during
field tests, multiple boils were observed at these outfalls; it seems that partial
rather than full merging occurred at the water surface. This assumption is
an approximation, but it makes the analysis simple.

2. The depth-averaged current speed (i.e., u, shown in Tables 2-5) is
taken as the characteristic current speed. u, is estimated from relationships
between the depth-averaged current speed and the current speeds at other
depths, established from the ADCP data mentioned earlier. All four outfall
sites are located in the same geophysical region, with similar current patterns
and nearly the same water depth. Therefore the relationships are assumed
to apply to all four outfalls, though the ADCP was deployed at a site near
the Miami-Central outfall.

3. Depth-averaged density (i.e., p,, shown in Tables 2-5) is taken as a

characteristic ambient density.
- 4. The water depth H above discharge for each outfall is taken to be a
constant, as shown in Table 1. Tide height data for the years of 1991 and
1992 have been analyzed. Results show that the standard deviation for the
tide height is 0.3 m, twice of which is only about 2% of the water depths
above discharges for these outfalls. Therefore, the variation of discharge
depth due to tides is negligible.

Following the previous assumptions, quantities in (5) are calculated and
then plotted in Fig. 4. The shaded arca in the figure represents the data
from previous studies, as summarized by Lee and Neville-Jones (1987) and
Wood (1993). The solid line is the BDNF solution with C; = 0.31 and the
dot-dashed line is the BDFF solution with C, = (.32, given by Lee and
Neville-Jones (1987). The dashed line is the BDNF solution with C, = 0.15.
The dotted line is the solution for stagnant water, which has the same
functional form as'the BDNF solution, with C, = 0.0735 inferred from
Muellenhoff et al. (1985).

COMMENTS

Several observations can be made from the data shown in Fig. 4. First,
the data are distinguished by two groups: one for diffuser discharges (the
Miami-Central and Miami-North outfalls) and the other for single-port dis-
charges (the Hollywood and Broward outfalls). At the same H/l, value,
dilution for diffuser discharges is smaller than that for single-port discharges.
Reasons for this may be as follows: (1) The port spacings of these diffusers
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are not large enough to separate wastefields generated by each port dis-
charge, so partial merging could occur and result in lower dilution; and (2)
the wastefield formed by a diffuser discharge is significantly larger than that
formed by a single-port discharge, so that the blocking effects of the waste-
field on the mixing of rising buoyant jets will be more significant for diffuscr
discharges than for single-port discharges. In other words, the effective
discharge depths for these two outfalls should be less than the discharge
depths used m the analysis. ' :

Second, after comparing our data with the data provided by Lee and
Neville-Jones (1987) and Wood (1993), shown as shaded areas in Fig. 4
(most of their data are from single-port discharges and only a few are from
widely spaced multiport discharges), we found that data points for the Hol-
lywood and Broward outfalls fall into the shaded areas and around the
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center lines of the shaded areas; data points for the Miami-Central and
Miami-North outfalls are located on or off the low boundaries of the shaded
areas. This suggests that our data for single-port discharges are consistent
with data from previous studies, but the data for multiport diffuser dis-
charges are not. The major reasons for the inconsistency are the partial
merging and blocking effects of wastefields, as we have discussed.

Third, we mentioned that an assumption, [,/[,, >> 1, has to be made to
utilize (5). Most of the ratios are much greater than the unity (see Tables
2—5). However, some of the ratios are quite small. Seven data points of
this ratio that have small values are marked with the ratio values in Fig. 4.
Notice that four of these points are quite off the asymptotic solution line
for the BDFF. This suggests that [, may have effects on dilution when
/1, is small,

- Another observation from Fig. 4 is that the BDFF solution [(7)] with C,
= 0.32, given by Lee and Neville-Jones (1987), if fairly consistent with all
the data for H/l, > 0.5. However, the BDNF solution [(6)] with C, = 0.31
given by them does not fit well with all the data for H/[, < 0.1. This is
because they obtained C; = 0.31 using their data with H/I, ranging ap-
proximately from 0.1 to 8.0 [Fig. 3; in Lee and Neville-Jones (1987)]. New
data from this study and from Wood (1993) are added at //l, down to 0.01.
To fit all the data for H/l, < 0.1, C, = 0.15 seems an appropriate value.
This value can be compared with an asymptotic value C, = 0.10 for H/,
less than about 0.01, found in a recent laboratory test (Lee and Cheung
1991).

In addition, our data show that dilutions were not significantly affected
by either the angle of a diffuser to current or the density stratification. These
two parameters should and might have some effects on initial dilution, but
in the present outfalls their effects were small and within the measurement
accuracy of dilutions and of other parameters affecting dilution.

We have seen that both asymptotic solutions for the BDNF and BDFF
have a power law relationship as

D0,  (H\ |
wdp (r) ®)

where a = experimental coefficient; b = 5/3 for the BDNF; and b = 2 for
thé BDFF.

It can be assumed that (8) also applies to the transition region between
the BDNF and BDFF, so that it can be used to fit the data at any range of
Hil, and resulting b may range from 5/3 to 2. Eq. (8) is then used to obtain
semiempirical equations for our outfall discharges using the field data shown
in Tables 2—-5. Although resulting equations may have less theoretical value
than asymptotic solutions, they could be more accurate for dilution predic-
tion for these particular outfalls and of more practical value. Since the data
are distinguished by two groups, power regression for data for single-port
and diffuser discharges should be done separately. For the Hollywood and
Broward outfalls (single-port discharges), the regression yields a = 0.3355
and b = 1.9162, with a correlation coefficient of 0.9896 (a = 0.3537 and
b = 1.9488 if two marked points that have small /,//,, values are not used).
For the Miami-Central and Miami-North outfalls (diffuser discharges), the
regression yields @ = 0,1648 and b = 1.7913, with a correlation coefficient
of 0.9912 (a = 0.1794 and b = 1.8598 if five marked points that have small
I,/1,, values are not used). Note that the values of b are between 5/3 and 2.
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It can then be deduced from the regression results that dilution is related

to current speed and buoyancy flux as D, « uy” B*% for the Hollywood

and Broward outfalls, and as D,, « ©237B%?! for the Miami-Central and

Miami-North outfalls. The deviation of the power in the semiempirical

equations from’either the BDNF or the BDFF solution may be an indication

that most of our data are in the transition region between the BDNF and

the BDFF, because in the transition, dilution should be a function of both

current speed 1, and effluent buoyancy flux B. In fact, most of our data

are in a range of H/l, from 0.03 to 3.0. A recent laboratory test of Lee and,
Cheung (1991) indicates that the transition between the BDNF and the
BDFF]is in a range of H/l, from 0.01 to 1.0 [Fig. 4; in Lee and Cheung
(1991)]. L S

CONCLUSIONS

Initial dilutions of four ocean outfalls on the east coast of South Florida,
all located within the western boundary region of the Florida current, were
determined from dye and salinity studies. Results show that initial dilutions
determined from both methods are consistent. A total of 72 initial dilution
data are interpreted using the dimensional analysis method. Data for the
Hollywood and Broward outfalls (single-port discharges) are consistent with
data from previous studies. Data for the Miami-Central and Miami-North
outfalls (multiport diffuser discharges) are not consistent with data for single-
port discharges. Based on all available data in the BDNF (for 17/l, as small
2s0.01), C; = 0.15 for the BDNF solution is suggested. This value is smaller
than the previous value, C, = 0.31, given by Lee and Cheung (1987),
because C, = 0.31 was obtained from their data with 1/}, ranging from 0.1
t0 8.0. It is also suggested that the BDNF solution apply for H/l, = 0.1,
and the BDFF solution apply for H{l, = 0.5.
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APPENDIX 1. DERIVATION OF EQ. (3) AND (4)

Considering a single plume rising from a port, we apply the conservation
of salinity for this plume and have = . }
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Suc J'; Edz = fo " ES(2) dz 0)

where z = vertical coordinate measured from the water bottom upward;
E = entrainment of ambient water per unit time and per-unit height; E =
dq/dz; and q(z) = volume flux entered to the plume from ambient. g is
related to the flux-averaged dilution D, by

+ O
| p,-Y4 QJQ). | (10
and D, is related to the centerline dilution D, by
D, = aD, (11)
where o is a constant and o = 1.7 for a Gaussian profile assumption.
Then, F is written as o :
dD,
E =0, | ©

For a simple plume in a moving water, the centerline dilution as a function
of z is written as [e.g., Lee and Neville-Jones (1987)] :

N :
DO, zy . E
ali = C, (1';5) ;  for BDNF - (13)
2
D.Q, z ' |
— -— . 1
iz G, ( 1:,) ;  for BDFF (14)
From (12)—(14) we have '
E = Az*;  for BDNF o (15)
E = Bz;  for BDFF (16)

where A = 1.667aCu,l}?; and B = 2aCu,,.
‘The salinity profile is assumed to be linear and has a functional form

Sa(z) — (Sab - §a%‘s‘m Z) (17)

‘Substituting (15) or (16), and (17) into (9) and performing the integration,
we obtain (3) and (4). '
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APPENDIX Ill. NOTATION

The following symbols are used in this paper:

B = effluent buoyancy flux;
C, = dye concentration in effluent;
C,, = maximum dye concentration in boil;
D, = flux-averaged dilution;
D, = plume centerline dilution;
‘D,, = minimum surface or near-surface dilution;
E = entrainment of ambient water to plume;
g = gravitational acceleration;
go = reduced gravitational acceleration;
H = water depth above discharge;
by, = length scales for round buoyant jet;
M = effluent momentum flux; :
N = buoyancy frequency;
Q = total effluent discharge rate;
Q, = effluent discharge rate from port;
S.. = characteristic ambient salinity;
S., = salinity at bottom;
S, = salinity at water surface;
S. = effluent salinity;
S = minimum salinity in boil;
© = current speed measured at depth;
#, = characteristic current speed; depth-averaged current speed;
u; = exiting velocity of single port discharge;
0 = current direction; :
p. = ambient density; . :
P = characteristic ambient density; depth-averaged ambient density;
p, = effluent density; . -
AS, = salinity deficit in effluent; and
AS,, = maximum salinity deficit in boil.
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